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ABSTRACT

Geologic Structure and Tectonics or the Inner Continental Borderland 
Offshore Northern Baja California, Mexico

by

Mark Randall Legg

The Inner Continental Borderland west of northern Baja California, Mexico, Is an 

active part of the geologically complex Pacific-North American lithospheric plate 

boundary. To further understand the late Cenozoic tectonic style and evolution of 

this continental margin plate boundary, It is necessary to study the geologic structure 

and tectonic style of the California Continental Borderland. This dissertation 

presents a relatively complete, marine geological study of the Inner Continental Bord

erland. Detailed bathymetric maps prepared from both conventional single beam, and 

multi-, narrow-beam (Sea Beam) echo sounding data show that the Inner Borderland 

is a regionally distinct physiographic province. Numerous tectonic landforms com

monly associated with recently-actlve faults onshore are shown by the detailed, Sea 

Beam bathymetric charts made along the San Clemente fault. Hlgh-resolution, 

single-channel, seismic reflection profiles also show that the region is crossed by 

numerous, late Cenozoic faults which are associated with four principal wrench fault 

zones: (1) San Clemente-San Isidro; (2) San Diego Trough-Bahl'a Soledad; (3) 

Coronado Bank-Agua Blanca; (4) Rose Canyon and Descanso-Estero. Estimates of 

average late Quaternary sedimentation rates, based upon published piston core ana

lyses, and seismic stratigraphy are used to infer late Quaternary ages fo r fault
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activity and submarine canyon/fan development. Right-slip of several kilometers 

along the major faults is Inferred from postulated offset channels and submarine 

fan/slope apron deposits. The major fault zones are further grouped into two, major 

wrench fault systems, i.e., San Clemente and Agua Blanca. Each Is similar in 

configuration to the well-known San Andreas and Alpine-Marlborough faults, respec

tively. Systematic variations in fault character both along strike and at depth in 

these fault zones are attributed to changes in fault geometry, and/or reorientation of 

principal strain and inferred stress directions in the region. These variations are 

inferred to demonstrate that the Inner Borderland is a  regionally distinct structural 

province and that the entire southern California-northern Baja California region may 

be considered as a  broad shear zone associated with transform fault tectonics of 

Pacific-North American plate interaction.
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CHAPTER 1 

INTRODUCTION AND BACKGROUND

The North American-Pacific tectonic plate boundary in southern California Is a 

broad, geologically complex zone of shear, including several major, active wrench 

fault zones. Part of the Cenozoic evolution of this continental margin plate boundary 

is recorded in the geology of the California Continental Borderland. This evolution 

Includes the collision of the East Pacific Rise with North America, subsequent south

ward migration of the Rivera ridge-trench-transform fault (RTF) triple junction (and 

northward migration of the Mendocino triple Junction away from the region), and the 

eventual rifting of the Baja California peninsula from the North American continent 

(Atwater, 1970). Holocene faulting and modern earthquake activity in this region 

demonstrate that the California Continental Borderland is a tectonlcally active part 

of the present-day North American-Pacific plate boundary. In order to understand 

the evolution and present-day tectonics of this continental margin boundary, it is 

necessary to study the tectonic evolution of the California Continental Borderland.

The California Continental Borderland extends from Point Arguello on the 

north to Bahi'a Sebastian Vizcaino (and Cedros Island) on the south (figure 1). Moore 

(1969) divided the Borderland into five major structural zones. This study focuses on 

the inner zone. As stated by Moore (1969), "The Inner zone of major northwest- 

trending faults is essentially contained within the region shoreward of the fault paral

leling and adjacent to the western side of San Clemente Island." Moore considered his 

inner zone (Inner Borderland of this study) as an extension of northern Peninsular 

Ranges structure, however, the present study will show that the Inner Borderland is
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Figure 1. Map showing the major physiographic provinces of the regions surrounding 

Baja California and the California Continental Borderland. Rectangular area indi

cates the location of this study. Dashed lines are approximate boundaries between 

the major physiographic provinces. Earlier studies separated the California Con

tinental Borderland Into a northern and southern part, separated by the Santo Tomas 

fault (dashed line trending westward from Pt. Santo Tomsts). The northwest-trending 

dashed line within the Borderland marks the approximate western boundary of the 

Inner Borderland.
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distinct in both physiography and geologic structure. The character of late Cenozoic 

geologic structure of the Inner Borderland, and its tectonic evolution, are described in 

the following chapters. Also, the relationship of the Inner Borderland structural pro

vince to  adjacent regions, and Implications of tectonic style and evolution of the Inner 

Borderland in regard to the San Andreas fault system and the southern California 

region are examined.

The several chapters of this dissertation have been written so that each stands 

on its own. It is, therefore, possible for the reader to use chapters of interest 

independently. However, each chapter holds information of significance to the others 

and reference among chapters is often made. In general, the ordering of the chapters 

is believed by the author to present a development of understanding of the offshore 

geologic structure that is consistent with the scientific method of observations and 

conclusions. The earlier chapters generally provide a data base and framework 

important for the interpretations and conclusions derived in subsequent chapters. 

The order and content of each subsequent chapter is described in the following para

graphs.

Chapter 2 describes the physiography of the region and principal geologic 

processes responsible for the character and evolution of the prominent seafloor 

features evident in the detailed bathymetric charts prepared for this study (plate 1). 

References to selected high-resolution seismic profiles assist in interpretation of the 

•geomorphic' character (shown In plate 2) of the seafloor with regard to the Internal 

structure of the near-surface llthology. Also, some mention is made of the detail 

attained in seafloor topographic maps derived from the recently acquired Scrlpps 

Institution of Oceanography ‘Sea Beam’ (multi- narrow-beam echo sounding) system
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and the observation of many seafloor geomorphlc features not previously recognized. 

Sea Beam data are also discussed to a greater extent in subsequent chapters (5 and 

6). Data presented in chapter 2 thus provide a basis for developing the interpreta

tions and conclusions of subsequent chapters. Furthermore, the bathymetric maps 

are used as base maps for the other geological and geophysical maps. An appendix 

describes the methodology and FORTRAN computer program used to navigate the 

seismic profiling shlptracks and more accurately locate the numerous soundings used 

to prepare the bathymetric charts.

Seismic stratigraphy developed for this study Is described in chapter 3. This 

stratigraphy is used to determine the relative timing of late Cenozoic (mostly Quater

nary?) tectonic and depositions! events. Although originally intended to only provide 

a basis of estimating the relative age of faulting within the region, it was found that 

the stratigraphy developed also provides important insights regarding the patterns of 

sedimentation and the influences of both tectonic activity and eustatic sea level varia

tions. Late Quaternary chronostratigraphlc horizons evident in the seismic reflection 

profiles are mappable throughout most of the major basins within the Inner Border

land. Character of the Internal reflections within the seismic sequences defined by 

these acoustic horizons, and the morphology evident from the bathymetric contours, 

are used to infer the deposltlonal, structural and eroslonal(?) processes active in 

specific areas during Quaternary time. Lithofacies may also be extrapolated from 

these data. Piston cores in the area (Dunbar, 1981; Emery, 1960) provide data used to 

estimate the late Quaternary sedimentation rates for turbidltlc and hemlpelagic 

deposits of the basins and slopes. These rates are used, along with corrections for 

sediment compaction, to estimate the absolute ages of 'key' acoustic,
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chronostratigraphic horizons. These ages provide constraints on the timing of tec

tonic activity, as well as submarine canyon/fan deposltional system development.

Chapter 4 describes the character and recency of faulting within the Inner 

Borderland. As previously proposed (Junger, 1976; Legg and Kennedy, 1979), late 

Cenozoic faulting of the Inner Borderland is predominately associated with major, 

northwest-trending, dextral, wrench fault zones (plate 3). Two major fault systems, 

the San Clemente and Agua Blanca, are defined in this study, and the fault zones 

which delineate these are described. Offset and seismic character of the disrupted 

reflectors seen in the seismic profiles provide the data necessary to Infer the charac

ter of faulting both along strike, and locally, at depth, within the m'ajor fault zones. 

Systematic variations in fault character, patterns of faulting, and offsets of 

geomorphic features are used to Infer the primary sense of slip along the major 

faults. Relative ages of faulting are determined by the stratigraphic levels of the 

‘youngest’ features disrupted by the faulting, based upon the seismic stratigraphy 

described in the preceding chapter. Moderate penetration airgun and sparker 

seismic reflection profiles combined with high-resolution, shallow penetration, (3.5 

kHz) echo-sounding profiles are used to define relative ages of fault activity. These 

Include four late Cenozoic (Quaternary?) and one older (Tertiary and older?) relative 

ages.

Chapter 5 describes the geomorphic character, in detail, of the seafloor along a 

50 km section of the San Clemente fault zone near Fortymlle Bank (figure 2). 

Detailed ‘Sea Beam’ bathymetric data provide the main source of information used 

for the seafloor mapping in this area. Recognition of prominent tectonic landforms, 

commonly associated with recently-active, strike-slip faults onshore, allows inference
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Figure 2. Map showing locations of bathymetric charts prepared for this study. Also 

shown are locations of U.S. Hydrographic Office navigational charts (H.O. 18765, 

21021) which provide additional sounding data for the final charts of this study. A 

detailed bathymetric chart of North San Clemente Basin, west of Fortymlle Bank, 

prepared from Sea Beam data is presented in chapter 5 of this volume. Other charts 

outlined in the figure were prepared at large scale as preliminary versions of Plates 

1A and IB. These preliminary charts may be obtained from the author.
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of the character and recency of faulting along this major submarine fault zone In a 

region of high seafloor relief. Previous studies (Vedder and others, 1974; Junger, 

1976) were unable to map accurately the most significant, active traces of the San 

Clemente fault, using conventional seismic reflection profiling methods, because of 

rugged seafloor topography and high relief in this area. Better resolution of seafloor 

geomorphic features possible with Sea Beam data allow application of tectonic 

geomorphic principles (as previously accomplished onshore with aerial photographs, 

for example) to map the recently-active fault traces In this submerged area.

In chapter 6, near bottom geophysical surveys, which Include high-resolution, 

seismic reflection and slde-scan SONAR profiles, are used to derive models of the 

late Quaternary sedimentation of North San Clemente Basin. These data are In the 

same area as the Sea Beam bathymetric data described in the previous chapter, and 

so discrimination between tectonic and non-tectonic (sedlmentologlcal) geomorphic 

features mapped by Sea Beam can be made. Piston cores (Emery, 1960) In the basin 

provide local estimates of the Holocene sedimentation rate, and correlation of prom

inent acoustic horizons across the area allow extrapolation of sedimentation rates for 

other parts of the basin. Significant patterns In both thickness (isopachs) and 

seismic reflection character of the late Quaternary sedimentary units are used to 

infer the deposltlonal history' of the region. Also, rates of movement associated with 

the San Clemente fault zone are postulated.

The final chapter (7) integrates the data of the preceding chapters and describes 

the significant Implications regarding the tectonic development of the Inner Border

land. The pattern and character of faulting is used to Infer orientations of principal 

strain and stress axes active during late Cenozoic time. These Inferences are
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examined in light of the predicted North American-Pacific tectonic plate Interaction 

during the same period. Earthquake data which indicate the character of modern 

tectonlsm in the area are compared with the geologic data to model the overall late 

Cenozoic to modern tectonic evolution of the Inner Borderland offshore southern Cal

ifornia and northern Baja California. These data suggest microplate tectonics have 

played an Important role in the complex tectonic history of the southern and Baja 

California region.
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CHAPTER 2 

PHYSIOGRAPHY OF THE INNER CONTINENTAL BORDERLAND 

INTRODUCTION

The California Continental Borderland was first described by Shepard and 

Emery (1941), who recognized Its unique character. Typical continental margins, 

such as those bordering the north Atlantic, and along the northern California coast, 

consist of a  relatively flat, shallow shelf (of varying width) bounded by a distinct shelf 

break and slope which leads into the adjoining deep ocean basin. The California 

Continental Borderland differs and consists of a  series of ridges and troughs, lying 

subparallel to the shoreline, separating the continental land mass from the deep 

ocean basin. The California Continental Borderland extends from Pt. Arguello on the 

north to the Vizcal'no Peninsula (and Cedros Island) on the south (figure 1). It is 

separated from the Pacific Ocean basin on the west by the Patton Escarpment along 

its northern part, other, less distinct escarpments to the south, and Cedros Deep 

along its southernmost part. Its eastern boundary is approximately represented by 

the Pacific shoreline, although borderland physiography extends onshore in places 

such as the Los Angeles, Ventura, and Vizcal'no basins. Also, the presence of 

numerous uplifted marine terraces presently onshore, as well as submerged terraces 

offshore indicate that the position of the shoreline has varied. This study provides 

data to define the eastern margin of the California Continental Borderland more pre

cisely along its central section.
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Krause (1965) divided the Borderland Into a northern and southern province, 

separated by the offshore Santo Tomds fault, located west of Punta Santo Tomds 

(figure 1). Krause (1965) and Moore (1969) noted that the southern Borderland Is gen

erally deeper than the northern Borderland, lacks the prominent Patton escarpment 

on its western boundary and does not have the flat-topped banks common to the 

northern province. Doyle and Gorsline (1977) suggested that the southern Borderland 

Is not down-dropped along the Santo Tomrfs fault (as suggested by Krause, 1965; and 

Moore, 1969), but rather the entire California Continental Borderland can be 

represented by a broad, northwest-trending, "synclinorlum." The present study pro

vides detailed Information regarding the transition in physiography from the northern 

to southern Borderland, across the postulated connection between the offshore Santo 

Tomds fault (Krause 1965) and the south branch of the Agua Blanca fault located 

onshore (Allen and others, 1960).

The Inner Borderland is defined herein to be that part of the Continental Bor

derland landward of the East Santa Cruz basin fault zone (postulated by Howell and 

others, 1974). As stated by Moore (1969) "The Inner zone of major northwest- 

trending faults is essentially contained within the region shoreward of the fault paral

leling and adjacent to the western side of San Clemente Island." Moore considered 

the Inner Borderland as an extension of northern Peninsular Ranges structure.

This study describes the primary physiographic elements of the Inner Border

land (as defined herein), and demonstrates' th a t the Inner Borderland is a  distinct 

physiographic province. Furthermore, knowledge of the interaction of the fundamen

tal geologic processes which have shaped the geomorphology of the Inner Borderland 

is developed in this study. This knowledge is important to understanding the late
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Cenozoic geological history of the region.

Data

Many data were used to compile the detailed bathymetric charts of the Inner 

Continental Borderland of this study (plate 1). Table 1 lists the oceanographic 

cruises during which these data were originally collected. In addition to the two 

high-resolution seismic reflection profiling surveys made by the author (CFAULTS-1 

and 2), data from 62 additional Scrlpps Institution of Oceanography (SIO) and one 

National Oceanic and Atmospheric Administration (NOAA) cruise collecting conven

tional echo-sounding data were compiled.* Data from 13 recent SIO Sea Beam cruises 

which passed through the region are also included in the final chart(s). In addition, 

finished bathymetric charts of detailed local studies, and nautical charts with sound

ings of well-surveyed areas in both U.S. and Mexican waters were used. Finally, 

soundings made by Walton (1954) during his dissertation research in Bahi'a Todos 

Santos were re-positioned (using triangulation from his original charts) to recent (and 

presumably more accurate) charts, and plotted on the soundings charts.

Navigation and Preparation of Soundings Charts

Because data collected from numerous different research vessels over a period 

of several decades were used, significant variation in navigation quality was present 

in these ‘raw’ data. In order to compile base charts of the soundings for contouring, 

with the ‘best’ possible navigational accuracy, a systematic approach was devised and 

followed as described below.

* Theie data are available from the SIO Geological Data Center.
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Table l .  List of Research Cruises which Provided Data for the Preparation of the 

Bathymetric and Geologic Maps.

CRUISE NAME SHIP DATES INSTITUTION1 2DATA

CFAULTS-1 EB Scripps 18-25 Jun 78 SIO B, RS

CFAULTS-2 EB Scripps 12-21 Sept 79 SIO B, M, RS

TODOS SANTOS HM Smith 28 Sept - 30 Oct 59 SIO B, M

SOUTHERN BORDERLANDS Horizon 11-14 Dec 59 SIO B, H

SOUTHERN BORDERLANDS II Horizon 16-21 Dec 59 SIO B, M

SOB-III SF Baird 12-19 Feb 60 SIO B

SOB-IV SF Baird 12-15 Mar 60 SIO B

SOB-V Orca 3-9 Aug 60 SIO B

SOB-VI Orca 14-18 Oct 60 SIO B

FANFARE SF Baird 9-20 Jul 59 SIO B

FANFARE HM Smith 6-26 Jul 59 SIO B

HM SMITH S3 HM Smith 22-23 Mar 63 SIO B, RS

DAVIS 65 Davla 11-25 Mar 65 SIO B, RS

EB SCRIFFS 65 EB Scripps 19-20 Oct 65 SIO B, RS

DAVIS 67-6 Davis 5-11 Jan 67 NEL/SIO B, RS

DAVIS 67-5 Davis 3-6 Feb 67 NEL/SIO B| RS

VERMILION SEA SF Baird Feb - Jun 59 SIO B

VERMILION SEA Horizon Feb - Jun 59 SIO B

SEA DOGS I EB Scripps 19 Oct - 11 Nov 76 SIO/CDMG RS

SEA DOGS III EB Scripps Nov - Dec 78 SIO/CDHG B, RS

CONMCALF Surveyor 70 N0AA B, M

HYPOGENE Melville 11 Mar - 21 Apr 72 SIO B, M, RS

PLEIADES-1 Melville 27 Apr - 5 Jun 70 SIO B, H

GUAYMAS-1 T Washington 9-24 Feb 78 SIO B, M

PIQUERO-1 T Washington 9 Dec 6 3 - 1  Jun 79 SIO B, M

INDOPAC-1 T Washington 23 Mar - 30 Apr 76 SIO B, M
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Table 1. List of Research Cruises (continued).

SCAN-1 Argo 11 Mar - 30 Mar 69 SIO B, M, RS

SCAN-2 Argo 8 Apr - 4 May 69 SIO B, M, RS

SCAN-5 Argo 4 Jul - 4 Aug 69 SIO B, H, RS

EURYDICE-1 T Washington 4 Sep - 15 Sep 74 SIO B, M

EURYDICE-II T Washington 20 Jun - 18 Jul 78 SIO B, M

NAGA-1 Stranger 17 Jun - 28 Jun 59 SIO B

LUSIAD-1 Argo 15 May - 11 Jun 62 SIO B, M

LUSIAD-8 Horizon 21 Jun - 4 Feb 63 SIO B

R1SEPAC-3 SF Baird 3 Jan - 5 Feb 62 SIO B, M

MONSOON-1 Argo 26 Aug - 6 Oct 60 SIO B, M

JAPANYON-5 SF Baird 22 Aug - 15 Sep 61 SIO B, M

ANTIPODE-17 Melville 11 Sep - 3 Oct 71 SIO B, M

GAM-1 EB Scripps 1 Nov - 13 Nov 67 SIO B, M

AMPHITRITE-3 Argo 27 Jan - 29 Feb 64 SIO B, M

DSDP-54 Glomar Challenger 29 Apr - 18 Jun 77 SIO B, M, RS

GAM-XI-1 EB Scripps 6 Feb - 26 Feb 68 SIO B, M

COCOTOW-1 Melville 26 Aug - 20 Sep 74 SIO B, M

C0C0T0U-4 Melville 20 Nov - 18 Dec 74 SIO B, M

IGUANA-1 EB Scripps 31 Mar - 7 Apr 72 SIO B. M, RS

IGUANA-5 EB Scripps 15 May - 22 May 72 SIO B, M, RS

SWANSONG-1 Argo 5 Sep - 1 Dec 61 SIO B, M

SIQUEIROS-1 T Washington 17 Jun - 11 Jul 74 SIO B, M

NOVA-1 Argo 17 Apr - 16 May 67 SIO B, M

NOVA-6 Horizon 18 Sep - 14 Oct 67 SIO B, M

NOVA-10 Argo 11 Dec - 19 Dec 67 SIO B, M
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Table 1. List of Research Cruises (continued).

CRUNCH-1 Oconostota 28 Jul - 1 Aug 69 SIO B, M

MARIANNAS-1 T Washington SIO B, M

STYX-1 A Agassiz 2 - 2 6  Apr 68 SIO B, M

APHRODITE-1 EB Scripps 16 - 20 Jul 68 SIO B, M

BENTHYFACE-1 Melville 21 May - 3 Jun 73 SIO B, M

1ND0MED 77-1 Melville 24 Sep - 31 Oct 77 SIO B, M

TRIPOD-1 Argo 14 Oct - 10 Nov 66 SIO B, M

TRIPOD-3 Argo 2 Dec - 21 Dec 66 SIO B, M

CARROUSEL-1 SF Baird 13 Jun - 14 Jul 64 SIO B, M

GAMBUL-1 EB Scripps 2 - 15 Oct 68 SIO B, M

GAMBUL-2 EB Scripps 16 Oct - 1 Nov 68 SIO B, M

FRANCIS DRAKE-1 Melville 20 Jan - 14 Feb 75 SIO B, M

HERM-1 Oconostota 15 - 19 Jan 69 SIO B, M

DOUNUIND-A Horizon 21 Oct - 15 Nov 57 SIO B

PROA-4 SF Baird 4 Sep - 3 Oct 62 SIO B, M

PAPAOAYO-1 SF Baird 18 - 29 Jun 65 SIO B, M

CENT-1 T Washington SIO B, M

ARIES-1A T Washington 15 Nov - 2 Dec 70 SIO B, M, RS

SPRINT-2 T Washington 8 - 9 Mar 84 SIO B, RS

SEABEAH TEST-A T Washington 13 Dec 81 SIO SB, M

CERES-1 T Washington 28 - 30 Jun 82 SIO SB, DT, M

BONANZA-I T Washington 5 - 6 Jun 82 SIO SB, M

BONANZA-2 T Washington 7 - 1 3  Jun 82 SIO SB

BONANZA-3 T Washington 13 - 19 Jun 82 SIO SB

SEAMOUNT T Washington 17 - 28 Jun 83 SIO SB

ARIADNE-1 T Washington Apr 82 SIO SB, M



17

Table 1. List of Research Cruises (continued).

ARIADNE-3 T Washington Oct 82 SIO SB. M

PASCUA-1 T Washington Hay 83 SIO SB, H

CERES-2A T Washington Jul 82 SIO SB, H

CERES-4 T Washington 82 SIO

1. Institutions - SIO Scripps Institution of Oceanography

NEL Naval Electronics'Laboratory

CDMG California Division of Hines & Geology

NOAA National Oceanic and Atmospheric Administration

USGS United States Geological Survey

2. Data TypeB - B Bathymetry

H Magnetic 

RS Reflection Seismic 

SB SeaBeam 

DT Deep Tow
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The greatest density of soundings (ship tracks) are in the regions closest to the 

shoreline and along lines approaching San Diego Bay. Also, much seafloor relief and 

complex geomorphology Is found along the continental slope (between the shelf break 

and adjacent offshore basin. With this in mind, sounding (and bathymetric contour) 

charts for these nearshore regions were prepared first, a t a relatively large-scale 

(figure 2). A comparatively well-surveyed chart of Bahi'a Todos Santos (Ensenada 

Bay) was recently published by the U.S. Hydrographic office (H.O. #21021, scale 

1:35,000), and was used as the base for the first large-scale map. In addition to the 

soundings shown on the published chart, the additional data (collected by the author, 

and others at SIO) were added, by plotting the recent, and most accurately navigated 

(using RADAR transponders) soundings first, followed by successively older cruise 

data. These older data were adjusted In position to provide good agreement of sound

ings at line crossings for all the data. Hand contouring of these data produced the 

first large scale bathymetric chart.

Three areas of the shelf and slope region were then mapped at 1:50,000 scale In 

a similar fashion (figure 2). The ‘m aster’ sounding data for these charts were derived 

from the most accurately navigated portions of the two reflection profiling surveys 

conducted by the author. Navigation for these cruises was accomplished using com

binations of triangulation on ship to shore-based RADAR transponders, satellite and 

LORAN-C positioning, and RADAR ranging to landmarks. A discussion of these vari

ous navigation techniques is In an Appendix.

The most recently collected bathymetric data, from cruises listed in Table 1, 

were also navigated with good accuracy (using satellites), and were included as ‘mas

te r ’ soundings to the base map. In particular, the recently operational multibeam
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‘Sea Beam’ echo-sounding system aboard the SIO R/V Thomas Washington provided 

a Tew detailed computer-contoured swaths of bathymetry that were located using 

satellite position fixes and provided excellent control lines for the other sounding 

data. In some cases, minor shifts In these Sea Beam tracks were found to be neces

sary to provide consistent soundings where Sea Beam swaths crossed.

Digitization of the sounding data from the two, detailed reflection profiling sur

veys undertaken as a part of this study (CFAULTS 1 and 2) was performed at 5 

minute time intervals, (representing a distance of about 1 km at the ship’s speed of 6 

knots). At significant inflections in the bottom slope, additional soundings were digi

tized, providing a sampling interval as small as 1 minute (or about 200 m). Sampling 

intervals for the other bathymetric data (except Sea Beam) varied between 500 m and 

5 km, with the majority being about 2 km. (5 minutes at 12 knots). The resolution of 

small features sampled at the short intervals on these two detailed surveys allowed 

interpolation of bathymetric detail into areas of less frequently sampled sounding 

lines. Also, more accurate re-location of the poorly navigated data could be accom

plished by fitting these data to the ‘m aster’ soundings sampled at the more frequent 

intervals.

Accuracy and Reaolution

Considering the resolution provided by the sampling intervals and the accuracy 

of the navigation, the overall accuracy of the sounding positions used in contouring 

the bathymetric charts Is excellent, and the estimated accuracy is shown in figure 3. 

In general, features as small as 500 m wide, and 10 m high can be distinguished over 

much of the region. However, identification (recognition) of ’true ' shape of features
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Figure 3. Relative navigational accuracy of sounding positions and resolution of 

bathymetric features. Areas of special detailed bathymetric studies, (e.g. Sea Beam, 

Deep Tow) were continuously navigated using LORAN-C, or acoustic transponders 

and had close (often overlapping) line spacing. Areas with very good navigation were 

surveyed using closely-spaced lines and precision, shore-based RADAR transponder 

navigation, or numerous, high quality satellite position fixes. Areas with good naviga

tion were surveyed using closely-spaced lines, and predominately triangulation to 

landmarks using RADAR, with occasional, high quality satellite position fixes. Areas 

with fair navigation were surveyed using more widely-spaced lines, with few reliable 

RADAR or satellite position fixes and relied upon dead-reckoning in general. Areas 

with no sounding data for this study were not contoured on Plate 1.
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smaller than a few kilometers wide is not likely, except for Sea Beam swaths. Even 

so, substantially greater resolution of features is apparent in these maps compared to 

previous maps of the area (cf. Shepard and Emery, 1941; Moore, 1969; Krause, 1965; 

NOS, 1974). Sea Beam data provide significantly greater resolution of the seafioor 

topography (about 10-15 m In elevation and 100 m in width for water depths of 1000 

m), and more detailed information regarding these data can be found elsewhere 

(Renard and Allenou, 1979; Desnoes, 1980; chapter 5, this volume).

The large-scale maps, were photographically reduced (both sounding and con

tour maps) and incorporated into the relevant part of the final bathymetric maps for 

the entire study area (plate 1). Large scale maps were carefully prepared so that the 

soundings and contours correctly match adjacent sheets (i.e., some overlap was 

included between sheets). Sounding data for areas not covered by the large-scale 

charts were also adjusted to fit the continuations of these data where the ship tracks 

crossed into the region mapped at large scale. Other soundings were added in the 

manner described previously for the large-scale charts, with the most accurately 

navigated data plotted first, followed by successively older, or less-well navigated 

soundings.

A contour Interval of 10 fathoms (assuming a constant sounding velocity of 800 

fathoms/second) was used to prepare the final charts. In a few small areas, where 

detailed bathymetric surveys were previously conducted, the published contour maps 

of those studies were Incorporated directly into the regional chart at the appropriate 

scale. These detailed studies include those of Normark and others (1979) for Navy 

fan, chapter 5 (this volume) for North San Clemente Basin, Shepard and Buffington 

(1968) for La Jolla Fan Valley, and Shepard and Marshall (1975) for parts of
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Coronado Fan Valley. Also, the U.S. Hydrographic Office chart No. 18765 

(approaches to San Diego Bay) was used as a basis for contouring much of the bathy

metry west of San Diego, although numerous recent Sea Beam data crossing this area 

provide additional detail of Interest. The coastline for all of the charts was taken 

from the appropriate CETENAL (1974-1979) map sheets.

DISCUSSION

Three fundamental geologic processes are herein considered responsible for the 

geomorphology (physiography) or the Inner Borderland: (1) tectonic (structural); (2) 

erosional; and (3) and depositional, including volcanic. All three may occur contem

poraneously or any combination may affect the observed character of a particular 

feature that was shaped originally by one of the other processes. In the following dis

cussion, the principal physiographic elements of the region (as shown in plate 2), are 

described and the process(es) believed responsible for their morphology are inferred. 

The bathymetric data provide the primary data for recognition of these features and 

the processes that shape them, although additional data, such as seismic reflection 

profiles (figure 4) or bottom samples, are used to provide confirmation of the 

interpretations when possible. Detailed descriptions of these supplementary data are 

presented elsewhere (chapters 3 and 4, this volume; Krause, 1961; Moore, 1969; 

Emery, 1960).

Coaiti

Emery (1960) recognizes two types of shorelines: (1) erosional, and (2) deposi

tional. Such a classification scheme is simple, and distinctions can be accomplished 

readily from coastal topographic and bathymetric data (Emery', 1960; Shepard, 1963).
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Figure 4. Location of selected seismic profiles and Sea Beam swaths shown in this 

report. Letters and numerals adjacent to track lines identify line numbers of seismic 

profiles. Identification numbers preceded by SB identify Sea Beam swaths, and the 

numerals refer to the figure number in the report. Small squares identified with 

numerals or letters show the locations of high-resolution, 3.5 kHz seismic profiles 

with reference to the appropriate figure in the report.
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Around the California Continental Borderland Emery (1960) notes that erosional 

shorelines are either rocky or have (sandy) beaches backed by rocky cliffs- Deposi- 

tional shorelines have sandy beaches backed by lowlands such as marshes, mud flats, 

alluvial fans or deltas. Although this simple classification scheme Ignores the third 

geologic process active in shaping the regional physiography, the author finds that 

tectonic activity is significant in defining the shape of the coast of the Inner Border

land. *

The coastline between San Diego (Point Loma) and Punta San Josd is dom

inantly erosional in character (plate 2). Sea cliffs and coastal bluffs are common, 

Including narrow beaches backed by low bluffs that truncate uplifted terraces (Playas 

Tijuana to La Misldn, Gastll and others, 1975), small, pocket beaches (along Punta 

Banda), and high, steep cliffs that continue beyond the shoreline (Punta Salsipuedes, 

northeast side of Punta Banda). Large landslides extend into the sea near Punta San 

Miguel. Quaternary uplift of much of this coast is indicated by the presence of 

numerous raised marine terraces (Orme, 1974; Ortlieb, 1979), especially along Punta 

Banda and Punta Santo Tomtfs. Both highly Irregular and relatively straight parts of 

erosional coastline are found. In some cases, structural control, due to faulting, is 

Implied by long, straight sections of coast such as along the northeast side of Punta 

Banda and between Tijuana and Punta Descanso. The Agua Blanca faulris known to 

pass along the northeast side of Punta Banda (Allen and others, 1960; Gastil and oth

ers, 1975). Geomagnetic (Krause, 1965) and seismic reflection data (chapter 4, this 

volume) indicate another fault parallels the coast northwest of Punta Descanso.

* Topographic and geologic data used in deriving the eoaitline classifications described in this seetion are 
from the appropriate CETENAL (1974*1979) maps.
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The few areas of deposltlonal shoreline are associated with the more significant 

stream valleys such as a t San Diego (Ti'a Juana and San Diego rivers) and Ensenada 

(Valid Mandadero). Structural control and tectonic subsidence for these sediment- 

filled basins (troughs) are suggested by Kennedy and Welday (1980) for Mission and 

San Diego Bays, and by Gastil and others, (1975) and Legg and Kennedy (1979) (see 

also chapter 4, this volume) for the Valid Mandadero. The supply of sediment from 

the more significant streams and rivers which enter the sea through these troughs is 

adequate to form barrier beaches and spits such as the Silver Strand in San Diego 

and Estero Banda near Ensenada. Other significant coastal embayments may have 

resulted from tectonic processes, such as Bahl'a Soledad (Acosta, 1970), but this is 

not confirmed by the present data. Finally, other small areas of deposltlonal shore

line are associated with smaller streams (La Misldn, La Salina), or areas of sand 

dunes (Cantamar).

Shelves, Banks, and Ridges

Deposltlonal, erosional and structural processes have worked together to shape 

the shelves and banks of the Inner Borderland. The prominent northwest trend of the 

banks and shelf edges may be a  result of the tectonic interaction between the Pacific 

and North American plates. The flat tops of many banks and the shelves, as well as 

the numerous submerged terraces, indicate erosional planation of the older rock sur

faces during earlier sea level stands, due to eustatic changes or tectonic subsidence. 

Seismic reflection data (figures 5, 6 and 7) show that ponding of terrigenous* sedi

ments behind offshore basement ridges has created the wide shelf areas around Islas

* Emery and others (1052) describe the seafloor lithology in the region offshore of San Diego.
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Figure 5. Alrgun seismic profile (Line A-31) crossing the Coronado Shelf and Des

canso Plain (see figure 4 for location of profile). Blow down (B.D.) refers to areas 

where record quality deteriorated because of compressor venting operation. Actual 

record is compared to line drawing to show the reflection character of acoustic base

ment and sedimentary sequences. Multiple bubble-pulse oscillations shown by the 

several strong reflectors In the outgoing pulse (at the top or bottom of the record) 

make interpretation of these alrgun profiles difficult.
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Figure 6. Alrgun seismic profile (Line A-25) across the Descanso Plain and Bahl'a 

Descanso (see figure 4 for location of profile). Comments on previous alrgun profile 

apply to this figure as well. Damming of sediment behind Descanso Ridge is evident. 

Divergent wrench faulting is shown by the sagging of bedded sediments into the 

Coronado Bank fault zone. San Clemente fault zone is identified by the trough 

bisecting the nearly symmetrical fold in the sediments of the Descanso Plain. Tran- 

spression is demonstrated by this folding, located where the San Clemente-San Isidro 

fault zones connect through a large, left (restraining) bend. Increased amplitude of 

folding with depth shows that the sedimentation is syntectonic. Disruption of the 

seafioor (evident in 3.5 kHz profile, not shown) implies late Quaternary and possibly 

Holocene fault movement in this region of active submarine fan deposition.
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Figure 7. Line drawings of alrgun profiles extending from the shelf offshore across 

the southern Descanso Plain (see figure 4 for locations of profiles). Prominent faults 

and geomorphic features are Identified.
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Los Coronados, Bahi'a Todos Santos and possibly the San Isidro Shelf. Thin pockets 

of sediment filling small basement topographic Irregularities also tend to smooth the 

bank tops and shelf areas.

The banks and shelf closest to the shoreline are generally elongate, trending 

northwesterly. These nearshore banks are shallow and flat-topped implying that they 

were beveled during lowered sea levels of Pleistocene time. In some areas, angular 

unconformities below a thin layer of horizontally stratified surficial deposits are seen 

in reflection profiles, such as Coronado Bank (figures 5-10), the Descanso shelf and 

ridge, the shelf north of Islas Todos Santos and the Soledad shelf and ridge. Tectonic 

influence also may be Involved, because the elevations of these nearshore banks and 

shelves vary along the coast. Similar bevelling of other flat-topped banks is observed 

farther offshore in the northern Borderland (e.g., Thlrtymile, Forcymile, Tanner and 

Cortes Banks; Emery, 1960; Moore, 1969; Vedder and others, 1974). Internal struc

ture exhibited in seismic reflection profiles shows that some of the northwest- 

trending ridges and banks are anticlinal (e.g., Coronado Bank, Descanso Ridge, Thlr

tymile and Fortymile Banks; figure 5, 6 and 7; Vedder and others, 1974), whereas oth

ers appear to be fault bounded horsts or tilted fault blocks (Punta Banda and the San 

Isidro Ridge, figures 7 and 8).

Beyond the continental slope are many peaks of roughly circular or elliptical 

shape. Many of these peaks are considered to be volcanic in origin. Seismic 

reflection data (figures 8 and 11) show such peaks to be composed of acoustic base

ment rock, showing chaotic internal reflectors. Vedder and others (1974) and Junger 

and Vedder (1980, personal communication) associate such reflection character with 

volcanic rocks. Samples dredged from some of these peaks include Franciscan-like
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Figure 8. Sparker seismic profile (Line B-27) from the Soledad Shelf, southwestward 

across the Ensenada Trough to Maximlnos Knolls (see figure 4 for profile location). 

These sparker data did not suffer the deterioration of record quality caused by 

compressor problems and severe, multiple, bubble-pulse oscillations found in the air- 

gun data (cf. figures 5 and 6). Consequently, several seismic sequences may be 

Identified in the basin sediments, especially where the submarine fans are located. 

Acoustic facies types interpreted by the author are shown in the stratigraphic key.
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Figure 9. Sparker seismic profile (Line B-30-31-32) across the Descanso Plain 

southwest of Punta Salsipuedes (see figure 4 for profile location). Note the numerous 

seismic sequences which can be identified in the slope and basin sediments. Two 

course changes (C/C) are present along this profile. Acoustic facies are identified by 

name, except for the older slope and basin sediments shown with the same pattern as 

the sedimentary acoustic basement.
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Figure 10. Airgun seismic profile (Line C) across San Diego Trough and East San 

Clemente Basin (see figure 4 for profile location). Misfiring(?) of airgun is evident as 

the prominent repetition of bottom reflection about 0.1 second later than the first 

bottom reflection. Note difference in character between slope and basin sediments 

and acoustic basement of Boundary Bank. (Profile courtesy of J. Mammerickx and P. 

Lonsdale).
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Figure 11. Line drawing or sparker profile (Line B-3) that obliquely crosses the axis 

of the San Diego Trough and Descanso Plain (see figure 4 for profile location). Sedi

mentary units identified Include the Descanso and Pelagic (PEL) units described by 

Smith and Normark (1976). Several seismic sequences In the Banda, Coronado and 

Salsipuedes fan sediments are delineated. Possible facies changes In the pelagic unit 

are shown by change in character of reflectors, from relative absence of reflectors to 

numerous, parallel reflectors shown between the horizons bounding the unit. Total 

magnetic field intensity anomaly Is also shown to point out the correlation of geomag

netic anomaly with acoustic basement of possibly igneous bedrock underlying Rosa- 

rito Knoll. Scales of the three sections of magnetic profiles are shifted as shown.
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biueschist on La Victoria Knoll and hornblende andesltlc and dacitic rocks from Navy 

Bank (Vedder and others, 1974).

A similar small, but prominent elongate peak protrudes through the sediments 

filling the San Diego Trough (Rosarito Knoll). The author suggests It has a volcanic 

origin, based on reflection data and a magnetic anomaly coincident with this feature 

(figure 11). Sea Beam data crossing this feature show the presence of several smaller 

peaks, which are almost buried by sediments (plate 1). The pronounced north-to- 

northwest trend of this feature is somewhat oblique to the trend of the San Diego 

Trough. Volcanic activity associated with divergent wrench faulting, perhaps along a 

leaky transform fault(?) may have occurred. Another possible explanation is that the 

feature is a block of basement rock squeezed up between two anastomosing wrench 

fault strands. Sampling and petrologic analysis (including radiochronology) of rock 

outcrops from this knoll are necessary to determine the origin of this feature and the 

timing of possible volcanic(?) activity in this part of the Borderland.

Batin and Trough Slope*

The most striking features shown on the bathymetric charts are the slopes 

which separate the basins from the adjoining shelves, banks, and ridges. These 

slopes are eye catching, not only because they are steep and delineated by many 

closely spaced contours, but also because or their remarkable linearlty, over 

significant distances. The slopes can be divided into three categories: (1) long, 

straight and steep; (2) slightly to moderately curved with gentle inclination; (3) highly 

irregular, but moderately steep. Slopes of the first group are considered by the 

author to have been formed by tectonic processes, related to the numerous
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northwest-trending faults of the region. Those of the second group include submarine 

fans, slope aprons and other predominately deposltlonal slope features. The last 

group includes original tectonic or volcanic slopes significantly modified by erosional 

and deposltlonal processes.

Tectonic Slope*

Long, straight, steep slopes trending predominately toward the northwest in this 

region have generally been associated with underlying tectonic structure (Shepard and 

Emery, 1941; Krause, 1965; Moore, 1969). The linearity and overall steepness of such 

slopes evince their youthful nature. Older slopes are presumed to have large gullies, 

submarine canyons or slumps that significantly alter their original structural form. 

Early studies postulated that these slopes were fault scarps, although steep flanks of 

folds were considered alternate possibilities (Shepard and Emery, 1941). Seismic 

reflection data have shown that some of these slopes are fault controlled (e.g. 

Coronado Escarpment, flanks of Boundary Bank, and the San Isidro Ridge, figures 5, 

6, 8 and 10; Moore, 1969; chapter 4, this volume), whereas others may be dip slopes 

(parts of Boundary Bank, Descanso Ridge, and Coronado Escarpment, figures 8 and 

10; Vedder and others, 1974). Junger (1976) proposed that folding, associated with 

convergent wrench faulting in the Borderland, is the primary origin of these dip 

slopes.

Prominent steps in the Coronado Escarpment and its southward extension may 

be evidence of subparallel normal faults (figures 5 and 12). Detailed bathymetric 

(geomorphic) studies using Sea Beam, of the San Clemente fault zone near Fortymile 

Bank (chapter 5, this volume) show 'hillside' valleys, benches lined with sags or small,
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Figure 12. Narrow-beam echo sounding profile (Line BONZ-Ol, Sea Beam 12 kHz, 

center beam monitor) from the Coronado Bank across San Diego Trough, Thirtymile 

Bank and Fortymile Bank to North San Clemente Basin (see figure 4 for location of 

profile). Narrow beam width of the Sea Beam system allows better resolution of the 

seafloor configuration In areas of steep slopes and rugged bathymetry. Even so, some 

slopes shown In the profile are steeper (>45 *) than can be resolved by the Sea Beam, 

for example, at the base of Thirtymile Bank and the Fortymile Escarpment. Such 

steep slopes are considered fault scarps in this study although erosion along the 

channel a t the base of Thirtymile Bank may have steepened the lower part of that 

slope.
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closed depressions, and other features commonly associated with recently-active 

faulting. Steps in other straight, steep slopes (such as the Coronado Escarpment) 

observed at similar depths on several adjacent conventional echo sounding profiles, 

may be continuous and have possible tectonic origin. Alternatively, they may 

represent the tops of large-scale slump or slide blocks.

Depressions at the base of the straight, steep slopes were proposed by Shepard 

and Emery (1941) and Emery (1960) to be additional indications or fault origin for 

these slopes. Detailed bathymetry contoured from Sea Beam data indeed has shown 

the presence of linear trenches, troughs, and aligned sags at the base of many of 

these slopes (chapter 5, this volume) confirming this interpretation for some cases. 

Other depressions at the base of these escarpments, such as Thirtymile Bank and 

Coronado (plate l), are channels associated with submarine fans. Erosion'from 

enhanced bottom currents has also been shown to produce moats around elevated 

basement features in the deep sea (Johnson and Johnson, 1970).

Although many Investigators have inferred fault patterns and continuity from 

bathymetric data, detailed seismic reflection data reported in chapter 4 (this volume) 

show that extrapolation of fault continuity between specific escarpments may lead to 

erroneous conclusions. For example, one may infer that the escarpment west of 

Punta Santo Tomds was once continuous with, or the equivalent of the Coronado 

Escarpment to the north. Seismic reflection data show that several northwest- 

trending, youthful, strlke-sllp faults separate these two escarpments, and so tha t an 

un- known component of strlke-sllp may have brought these older slopes into approx

imate alignment. Similarity, the prominent fault scarp along the west side of the 

Ensenada Trough (east flank of San Isidro Ridge), has been interpreted as the



primary seafloor expression of the San Isidro fault (Moore, 1969), and was Inferred to 

connect with the San Clemente fault to the north (plate 1). The San Clemente fault is 

marked by the steep, northwest-trending scarp cutting across the low, elliptical ridge 

near Descanso Plain. Other investigators have postulated that the San Clemente 

fault connects with the Agua Blanca fault at Punta Banda, based upon the trend of 

the San Clemente escarpment (eastern flank of San Clemente Island) and Punta 

Banda. Additional data In support of this Interpretation Included trends of magnetic 

anomalies and poorly located earthquake epicenters (Allen and others, 1960; Krause, 

1961, 1965; Moore, 1969). Detailed seismic reflection profiling data, however, demon

strate that neither of these interpretations are correct. Instead, the ‘active’, and 

relatively continuous traces of the San Clemente - San Isidro fault zone cut through 

the flat-lying sediments filling the Ensenada Trough and Descanso Plain.

Depoiitional and Eroiional Slopei

Curvilinear slopes of more gentle inclination (2 * - 10 *, 5%-18%) are aiso evi

dent bordering the basins and ridges in this area. Such slopes are prominent in the 

area between the Banda and Salsipuedes submarine canyons, and are presumed to 

result from a combination of deposltlonal and erosional processes. The gentle gra

dient (—5%) of many of these slopes is similar to that of continental slopes observed 

on passive margins (Heezen and others, 1959) which have undergone a long history of 

erosional and depositional processes. Numerous small gullies or swales are apparent 

on some of these slopes. Evidence of slumping, sliding, or sediment creep is apparent 

in seismic reflection data (figures 7 and 9; also Kennedy and others, 1985), but these 

features are generally too small to be accurately mapped with conventional sounding
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data (Field and Clarke, 1979). Sea Beam, side-scan sonar or other high resolution sea 

floor mapping techniques provide better data to identify such features (Prior and 

Coleman, 1982).

Highly irregular slopes of moderate to steep inclination are widespread in the 

westernmost parts of the study area. These slopes generally surround the various, 

roughly equi-dimensional peaks and ridges In this area, some of which protrude above 

a larger, common elevated base. Both erosional and depositlonal processes are herein 

proposed as causes for the Irregular shape of these slopes, as various mass wasting 

processes transport material from the higher to lower levels on these slopes. Hemi- 

pelagic deposition tends to smooth irregularities on these slopes as well. Although 

conventional sounding data cannot resolve the detailed slope morphology, numerous 

gullies and small canyons are apparent. Where Sea Beam data are available, many 

small scale features are evident, some may represent small peaks or basement 

outcrops, others, small channels or closed depressions. Rock samples from peaks in 

the southwest part of the Maxlminos Knolls included Pliocene basalt (Doyle and 

Gorsllne, 1979) isotopically dated at 4 Mya, and so many of these slopes may be 

underlain by lava flows or volcaniclastic deposits. Seismic reflection data show negli

gible hemipelagic sediment cover on some of these slopes (figures 8, 9 and 10), and 

others appear to show exposed, older sedimentary rock (figures 5, 6 and 8). Tectonic 

movement followed by erosional processes would be responsible for exposing older 

sedimentary rock on these slopes.
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Submarine Canyoni, Fan Valleyi, Gulliei and Troughi

Canyons, channels and gullies along the steeper continental slope and flanks of 

offshore ridges and banks are presumably erosional in origin. Submarine slides, 

slumps and other slope failure processes are likely causes of these features. Chan

nels on the more gently sloping submarine fan surfaces and between basins may be 

either depositional, as In elevated fan valley, levee systems, or erosional. Seismic 

reflection data are necessary to distinguish between the two types, and composite 

forms have been observed elsewhere (Nelson and Kulm, 1973). The presence of 

levees, however, Is evidence of a depositional channel. Finally, straight, steep-walled 

channels or valleys paralleling the regional structural trends are considered to be 

structurally controlled.

Submarine canyons, considered to be primarily erosional in origin, have been 

the subject of much research and many of those of the California Continental Bor

derland have been described in detail (Shepard and Emery, 1941; Emery, 1960; Emery 

and others, 1952; Shepard and Buffington, 1968; Shepard and others, 1969; Shepard 

and Marshall, 1975; Emery and Shepard, 1945; Shepard and Dill, 1966). Those 

located offshore of northern Baja California have not received as much attention 

although Krause (1961, 1965), Moore (1969), and Smith and Normark (1976) described 

their importance as conduits in the filling of the nearshore basins with turbidites. 

The detailed bathymetry shown in plate 1, and geomorphology in plate 2, provide a 

detailed view of the character and morphology of two major, and previously 

undescribed, submarine canyon/fan systems located in the northern Baja California 

Borderland. The southernmost canyon heads in Bahi'a Todos Santos, off the tip of 

Punta Banda, and is called the Banda Canyon and fan valley (after Moore, 1969). The
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second (named herein the Salslpuedes Canyon and fan valley), heads near the coast 

north of Punta Salslpuedes. Other prominent canyons In the area include Coronado 

Canyon and fan valley, Navy Channel, La Jolla Canyon and fan valley and the San 

Clemente Rift Valley. Several other smaller, unnamed submarine valleys and chan

nels of some significance are also present.

Salslpuedes Canyon has two major tributaries a t Its head, which is typical of 

submarine canyons offshore California (e.g., La Jolla and Scripps Canyons). Banda 

Canyon Is atypical, having a bowl-shaped head located within a large, coastal embay- 

ment (Bahl'a Todos Santos). This shape may be a result of headward erosion by 

large-scale slumping and sliding of unconsolidated (or poorly consolidated) sediments. 

Banda Canyon necks downstream passing through a narrow gorge cut into the older, 

uplifted bedrock (Alisitos formation?, Gastil and others, 1975) which is subaerially 

exposed on Punta Banda and Islas Todos Santos .

All of the well-developed submarine canyons in the area show significant sinuos

ity. Expression of the sinuousity varies from sharp, almost right-angled turns, imply

ing fault or Joint control, to smooth meanders, similar to those seen along many 

rivers. A significant sharp bend in the Banda Canyon just west of Punta Banda may 

be evidence of four kilometers of right lateral offset associated with a branch of the 

Agua Blanca fault zone. This canyon offset is aligned with a linear, northwest- 

trending "fault trough" valley west of Todos Santos Islands (Todos Santos Sea Valley).

A similar sharp bend is apparent in the Salslpuedes Canyon near the head of 

the upper fan valley (at the base of the continental slope). The canyon makes a 

sharp, 120 ‘ left turn, which is well defined by Sea Beam data which cross this area 

(plate 1). Other data (Legg and Kennedy, 1979; chapter 4, this volume) demonstrate



52

that major, northwest-trending faults in this area are right-lateral, strlke-sllp in 

character, so the sharp bend in the canyon is not considered to represent fault offset. 

Instead, structural control of the canyon course through preferential erosion of 

weaker rock along the fault zone is postulated. Possible 1-2 km offset (dextral) of an 

older canyon/upper fan valley is shown by the Sea Beam and other detailed bathy

metric data Just north of this area (plate 1).

Submarine fan valleys and channels may be erosional or depositional in charac

ter. All three major fan valleys in the region turn southward (toward the left), and 

cross the southern part of the fan surface. This phenomenon has been observed for 

most of the submarine fan valleys in the northern hemisphere (Menard, 1955; 

Shepard and Emery, 1941; Emery, 1960; She d and Dill, 1966). Menard (1955) 

attributed this pattern to tilting of the turbidity currents by the Corlolls force so 

that the right-hand side is thicker, and a higher levee builds up on this side. Later 

flows would then tend to deviate to the left when encountering the higher levees to the 

right, and so the main channel would bend to the left as well. The right-hand levees 

of the upper fan valleys in this area are significantly larger than the left-hand coun

terparts (figure 9, plate 1). The author (chapter 6, this volume) postulates tha t right 

slip on major faults a t the head of these fans may also enhance the leftward bending 

of these upper fan valleys. A rightward shift in the apex of the fan would force the 

following turbidity currents to deflect to the left, toward the lower part of the fan 

surface.

Meanders on the La Jolla fan valley were first described by Shepard and 

Buffington (1967) and recent side-scan sonar data show that meandering submarine 

fan valleys are common in the California Continental Borderland (Field and others,
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1984). One Sea Beam profile (figure 13) crossed -well-developed meanders in the upper 

Coronado Fan Valley. Shepard and Marshall (1969) observed similar meanders at 

greater -depths along the Coronado Fan Valley during submersible dives in this area. 

The channel thalweg along the meander covered by the Sea Beam data appears to be 

upwarped for several m eters near the 1120 m contour. This upwarp is near the point 

where the San Diego Trough fault zone crosses the Coronado Fan (chapter 4, this 

volume). Bottom photographs, core samples and submersible observations provide 

evidence that the Coronado submarine canyon and fan valley have been relatively 

inactive since the beginning of the Holocene epoch (Shepard and Marshall, 1969; 

Emery, 1960; Shepard and Dill, 1966; Moore, 1969). Significant, erosive, turbidity 

currents or other active submarine canyon/fan valley currents would presumably 

maintain the steady basinward deepening generally observed along the channels of 

active submarine canyons (Shepard and Emery, 1941; Emery, 1960). Since the 

Coronado Canyon heads about 13 km from the shoreline, it Is considered relict or 

inactive, since the time of lowered sea levels during Pleistocene time (Moore, 1969). 

Therefore, warping of the main channel in the canyon and fan valley is presumably 

Holocene. Shepard and Marshall (1975) observed similar warping in the Navy Chan

nel during a  submersible dive.

Additional evidence of recent tectonic activity affecting these submarine 

canyons and fan valleys is shown by the longitudinal profiles of the channel axes 

(figure 14). Although the'channel profiles show a generally concave upward curve, 

which may imply grading, significant inflections or nick points are evident. Emery 

(1960) discussed the difficulties in identifying real nick points in longitudinal profiles 

of submarine canyon axes, especially noting the lack of sufficient sounding data or
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Figure 13. Sea Beam swath across meanders in the Coronado submarine fan valley 

(see figure 4 for location of profile). Note how the channel thalweg appears to be 

slightly upwarped near the 1120 m contour. Sea Beam contour interval is 10 m. Also, 

note that the right-hand levee (looking downstream) is generally higher than the left- 

hand levee. (Sea Beam swath courtesy of H. Craig).
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Figure 14. Long profiles of submarine canyons, fan valleys, and major distributary 

channels of the Inner Borderland. Solid curves represent the profiles of the channel 

axes, determined from soundings data of this study. The dashed and dot-dashed 

curves represent the profile of the adjacent seafloor on the south and north sides, 

respectively, (east and west sides where the channel has a northerly trend). Major 

fan divisions and the approximate boundary between submarine canyon and fan valley 

are also shown. Each profile has the same scale and relative vertical exaggeration.



•1050-

- 3 2 * 2 5 “ 
/—1100 ^  kilometer

Y ' Contours in Meters



58

accurate navigation necessary to define the 'true ' course and profile of these chan

nels. The data presented herein Include a  much greater density of soundings than 

were available to previous investigators (Crowell, 1952; Shepard and Emery, 1941; 

Emery (1960). Several Sea Beam profiles and submersible dives provide necessary 

and sufficient data to show the detailed relief along significant stretches of these 

channels. Therefore, some nick points in the channel profiles are well-defined by the 

data, and their significance can be discussed regarding submarine canyon origins, and 

possible tectonic modifications.

A most 'prominent nick point is apparent along the Coronado Canyon, where it 

crosses Coronado Bank (figure 14). Shepard and Emery (1941) first noted this 

steepening and compared it to nick points along land canyons which cross hogbacks. 

Another similar, but smaller, nick point is evident where the Banda Canyon crosses 

between Punta Banda and Islas Todos Santos. A second, somewhat larger(?) nick 

point is observed just west of Punta Banda, and is located just above and east of the 

sharp, fault-related, right turn in the canyon discussed previously. One other notice

able nick point is located in Bahia Todos Santos, and may be a slump scarp or other 

unrecognized fault contact. Other smaller, less well-defined nick points seem to occur 

on the long profiles of these canyons, but lack of dense sounding data make their 

actual existence uncertain.

Along the channel axes, within the fan valley section, additional small nick 

points are apparent, In areas where dense soundings from Sea Beam data or submer

sible observations are available. The most significant of these are associated with 

meanders along the Coronado Fan Valley and were described previously (Shepard and 

Marshall, 1975). Nick points apparent in the profiles adjacent to these well-mapped
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meander segments may not be real and Indicate only that data are Inadequate to map 

accurately the overall meandering course of the channel. Nick points near the Tan 

valley/canyon Intersection may be related to changes from depositional to erosional 

character of the channel, faulting at the base of the continental slope, or to lack of 

data to define adequately the real channel axis profile a t these points. Sea Beam data 

show a ‘real’ nick point at the lower end of the fault-controlled(?) left turn In the Sal

slpuedes Fan Valley. Finally, the nick point marking the Navy Channel/Coronado 

Fan Valley Intersection may be real, demonstrating Incision of Navy Channel Into the 

Coronado Fan surface, and a possible change in base level.

Several linear, steep-walled, submarine valleys occur In the area, and these are 

generally considered to be fault troughs. San Clemente Rift Valley and Loma Sea 

Valley have been described in detail elsewhere (Shepard and Emery, 1941; Emery, 

1960, Shepard and Dill, 1966). A large, deep, ‘r if t’ valley, herein referred to as the 

San Isidro Rift Valley, connects the Ensenada Trough to the San Isidro Basin (plate 

1). Sea Beam data along this trough (figure 15) show several closed depressions inter

preted as tectonic sags associated with the dextral, strlke-sllp San Isidro fault zone 

which passes through this trough. Also, small hillside benches or terraces appear to 

flank the sides of the San Isidro Rift Valley, possibly delineating subparallel branch 

or secondary faults.

Numerous other prominent sea valleys or gullies cross the more gentle slopes 

which are probably underlain by less well-indurated sedimentary rocks. Some are 

relatively linear and subparallel to the coast and join other more prominent canyons, 

such as Soledad and Loma Sea Valley. Others appear to be small submarine canyons 

with associated small fan or slope apron deposits a t their base (e.g., Santo Tomds
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Figure 15. Sea Beam swath showing tectonic sags in the San Isidro Rift Valley. Inset 

cartoon shows how left-stepping, en echelon sags form in a dextral strike-slip fault 

zone between right-stepping, en echelon fault strands. (Profile location is shown in 

figure 4). Sea Beam contour interval is 10 m. Other contours drawn from conven

tional echo sounding profiles (locations shown by tick marks on contours). (Sea Beam 

profile courtesy of G. Moore and T. Shipley).

0
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Canyon). Some appear to be minor(?) seafloor channels which link the deeper basins 

in the area. Lastly, many minor slope gullies cutting across the many slopes or the 

area are evident. Sounding data are generally Inadequate to define accurately the 

channels of most of these small valleys, and so their lengths and continuity are some

what uncertain.

Baiins

The axis of the Inner Borderland Is defined by a large, elongate basin: the San 

Diego Trough, in this area. A second major basin, San Clemente Basin merges with 

the axial trough in the southern part of the area, forming a large, V-shaped central 

deep. In detail, both San Clemente Basin and San Diego Trough are composed of 

several, smaller, closed, fiat-floored basins separated by large, relatively smooth and 

level areas.

All of the basins in this study area are elongate, north- to northwest-trending, 

and flanked by prominent escarpments on one or more side. Large, roughly circular 

to elliptical peaks protrude through the relatively flat basin floors, making their 

overall shape somewhat irregular in some areas. Moore (1969) concluded that Recent 

turbidites (post-orogenic) partially fill these basins, resulting in their flat floors. 

Four prominent submarine fans, discussed in the following section, are the major loci 

of the basin filling sediments. Another, long, narrow basin, adjacent to the coast may 

have existed in earlier time, but has been filled largely with turbidites and other ter

rigenous sediments. Remnants of this nearshore ‘trough* are seen in this area from 

Bahl'a Descanso to Bahi'a Soledad, and also, south of Punta Santo Tomds. The large, 

nearshore, submarine ridges, from Coronado Bank to Cabras Bank, have acted as
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dams behind which the sediments accumulated. Gorsllne and Emery (1959) 

diagrammed the sequence of offshore basin filling by turbidites (figure 16).

The elongate shape, subparallel to the major, regional structural trends, 

together with the fault scarps flanking the sides of these basins demonstrate their 

structural origin. The flat floors and the submarine fans along nearshore parts of
f

these basins are evidence that depositional processes are actively modifying the basin 

configurations. Seismic reflection profiles (figures 5-11, this volume; Moore, 1969) 

show that the bedrock floors of the basins are more Irregular, and topographic 

smoothing results from the influx of sediments.

In general, the basin floors progressively deepen to the west and away from the 

principal continental source of the turbidites as previously described by Gorsllne and 

Emery (1959) and Moore (1969). The deepest basin In the area is North San 

Clemente Basin. Bathymetric data show that It is almost completely Isolated from 

direct, terrigenous turbldite Influx (plate 1), because It is surrounded by ridges and 

banks, with a  deep sill separating It from Navy Fan (chapter 5, this volume).

A deep area between San Isidro Ridge and Animal Basin has an irregular shape 

with many peaks poking upward through the older(?) sedimentary cover. The deepest 

parts are elongate, roughly northwest-trending, but the seafloor is somewhat warped 

compared to the adjacent flat-floored basins. This deep region is herein proposed to 

have been once connected to the Descanso Plain or Ensenada Trough (or possibly San 

Isidro Basin?) and received turbidites from the submarine fans in the Descanso Plain. 

Tectonic movement associated with the San Isidro fault zone then cut off the area by 

uplift along the San Isidro ridge/escarpment. A low spot, about midway along this 

escarpment probably marks the area of the former turbldite channel. Seismic
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Figure 16. Diagram of basin filling sequence proposed by Gorsllne and Emery (1959). 

Turbidity currents provide the bulk of the fill for the nearshore basins whereas rela

tively uniform hemipelagic sediments drape over slopes and outer basins, until the 

nearshore basins fill and turbidites spill over into the outer basins.
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reflection profiles show gentle folding of the sediments in this area (figure 8). The 

absolute age of this tectonic uplift and isolation of the region from turbidity currents 

has yet to be established. An unknown amount of strlke-sllp has also occurred since 

that time, (chapters 4 and 7, this volume). Therefore, the submarine canyon/fan sys

tem which supplied the older turbidites to this area is not known with certainty.

Submarine Fam and Slope Aprons

The most significant, depositional features in the area are the submarine fans 

(plate 1); Coronado, Navy, Salsipuedes and Banda fans are the most prominent. The 

major canyons and fan valleys which conduct the fan sediments (turbidites and so 

forth) have been described in a previous section, and Coronado and Navy fans have 

been described In detail elsewhere (Normark and Piper, 1972,* Emery, I960; Normark 

and others, 1979). Smaller fans, or slope aprons, not well delineated by the bathy

metry, but evident in seismic reflection data, are located in Bahl'a Descanso (Des

canso Pan), southern Ensenada Trough (Santo Tomds Fan), and south of Fortymile 

Bank (Boundary Fan? of chapter 6, this volume). The La Jolla Fan just to the north 

of this study area has been studied in detail by Shepard and others (1969) and Piper 

(1970).

The upper (inner fan and middle fan) parts of the major fans are well delineated 

by the bathymetry, and both Banda and Salslpuedes fans show a classical cone or fan 

shape. Coronado Fan is somewhat more irregular in outline, whereas the shapes of 

Navy and La Jolla fans are controlled by the basin margins. The lower (outer fan) 

parts of the fans coalesce, and seismic reflection data show overlapping and 

interfingering fan sequences (figure 11; Smith and Normark, 1976; chapter 3, this
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volume).

Figures 7, 9 and 11 and plate 2 show the subdivision of the fans based upon their 

morphology evident in the bathymetric data, and according to the growth model pro

posed by Normark (1978; also, Normark and Hess, 1980). Hlgh-resolution seismic 

reflection data (3.5 kHz) were used to refine the locations of the fan division boun

daries. The upper fan is marked by the prominent fan valley and levee system. 

Abandoned upper fan valleys are apparent In some cases as discussed previously. 

The middle fan consists of numerous smaller, leveed, distributary channels (hum

mocky topography) and the convex upward profile across the fan surface identifies a 

suprafan in some areas (figure 9). Where detailed data (e.g., Sea Beam, Deep Tow, 

GLORIA) are available, one relatively, continuous channel apparently is the most 

recently active, principal distributary channel, continuous with the upper fan valley, 

whereas other, marginal distributary channels may remain active by receiving over

bank flows from turbidity currents (Normark and others, 1979).

As discussed previously, the Salslpuedes Fan Valley is rather sinuous, whereas 

the Banda Fan Valley Is much straighter. Sea Beam data on the Banda Fan confirm
o

this observation. A region (100-150 km' ) of large sediment waves is observed on the 

backside (western) of the large, right-hand levee along the main Banda fan valley 

(figure 7, plate 2). These waves have amplitudes of from 20 to 40 m and wavelengths 

between 0.5-2.0 km. A similar, but smaller set of sediment waves is also observed 

Just north of the San Isidro Ridge. Similar waves have been described on the Mon

terey Fan (Normark and others, 1980) but are not seen on the other fans in this 

study. Normark and others (1980) propose that, thick, low velocity, sheet flow turbi

dity currents which spread out after overtopping the main levee at the sharp turn in
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the upper fan valley are responsible for the formation of such waves.

All of the lower fans grade Into a very smooth, basin plain. Ponding of sediment 

behind elevated ‘bedrock’ ridges, scarps and peaks is evident for Banda, La Jolla and 

part of Navy fans (figures 8 and 10), and has probably occurred at some time for 

parts of all fans in the region. Turbidites of the Salsipuedes Fan are ponded in the 

small basin which is being blocked by fault offset of the Banda Fan (figure 11, plate 

2). Some of the largest turbidity currents from the Salsipuedes and Navy fans 

presumably spread out beyond the area of this study, having passed through passes 

between the knolls and ridges, and out into the more distal basins, including South 

San Clemente and Animal basins. Seismic reflection data show that predominately 

hemipelaglc sedimentation has occurred most recently in areas such as the 

southwestern part of East San Clemente Basin (chapter 3, this volume; Smith and 

Normark, 1976), and between Animal Basin and Ensenada Trough. Tectonic uplift of 

scarps and folds associated with the active San Clemente -  San Isidro fault zone has 

effectively isolated these areas from more recent turbldite sedimentation.

CONCLUSIONS

Three fundamental geologic processes have shaped the seafloor of the Inner 

Borderland. Tectonic processes are most evident and are believed by the author to 

dominate the overall physiographic style of the region. Erosional and depositional 

processes are also evident throughout the region, and generally modify the tectoni- 

cally shaped features. Complex interactions of the three processes working simul

taneously result in complicated morphology.
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Prominent escarpments and seafloor scares aligned with the general northwest 

structural trend of the Callfornlas provide the most dramatic evidence of active tec

tonics in the area. Elongate ridges and basins subparallel to this structural trend also 

are evidence of the overall structural control of the regional physiography. Local 

east-west or north-south trending features, such as South San Clemente Basin and 

the Maximinos and Salslpuedes Knolls, may exhibit older(?) or secondary tectonic 

trends.

Submarine canyons and slope gullies are the most obvious features of erosional 

origin. These features generally cut across the structural grain, although canyon 

offsets and sharp bends, and linear, fault troughs or rift valleys indicate tectonic or 

structural control of some erosional features as well. Submarine slumps and slides 

are probably associated with many slope gullies (Nardln and others, 1979a, 1979b), 

but detailed, narrow, multi-beam echo-sounding (Sea Beam), side-scan sonar (e.g., 

Deep Tow or GLORIA), or subbottom (high-resolution seismic) reflection profiles are 

necessary to confirm the identity of such slope failures. Flat-topped offshore banks 

and submerged terraces also document erosional truncation of elevated features dur

ing Pleistocene and earller(?) lowered sea levels.

Submarine fans and flat-floored basins are prominent features Indicating depo

sitional processes active in the area. Regions of gently to moderately warped deeps 

and basins evince tectonic modification of older depositional surfaces. Also, youthful 

fault movements are manifest by low scarps within the basin plains. Channels on the 

submarine fans may be either depositional or erosional, but levees bordering some 

channels exhibit depositional effects. Seismic reflection data are again necessary to 

confirm the origins of many of these features, however.
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Some of the more circular or elliptical and cone-shaped peaks are Inferred to be 

volcanic, and Sea Beam data show features resembling craters in some areas (figure 

17). Bottom samples support these Interpretations in some cases, as do magnetic 

anomaly patterns and seismic reflection data.

The nearshore shelves result from a combination of erosional truncation of 

elevated features and sediment ponding behind these offshore ‘dams'. Tectonic 

processes were responsible, in many cases, for initially raising these features above 

sea level, although eustatic sea level changes have also been significant. All three 

processes, tectonic, erosional, and depositional, continue to shape the Inner Border

land at present, as shown by periodic filling and deepening of submarine canyon heads 

(Shepard and Dill, 1966) and the occurrence of numerous earthquakes located within 

the area (Legg, 1980). Some researchers have proposed a middle to late Miocene ori

gin of the regional physiography (Vedder and others, 1974; Howell and Vedder, 1980), 

whereas others postulate more recent (Pliocene to Pleistocene) origin (Moore, 1969). 

These same geologic processes have been continuously shaping and reshaping the 

Inner Borderland since the East Pacific Rise first Impinged upon the the California 

continental margin.
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Figure 17. Sea Beam swath crossing sub-circular depression reminiscent of volcanic 

craters. Such features may demonstrate that volcanic activity has occurred In this 

area. (Figure 4 shows the location of this profile). Sea Beam contour Interval is 10 

m. Other contours are drawn from conventional echo sounding profiles across the 

region (locations shown by the larger tick marks). (Sea Beam data courtesy of J. 

Fox).
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CHAPTER 3 

SEISMIC STRATIGRAPHY AND QUATERNARY SEDIMENTATION 

INTRODUCTION

The California Continental Borderland is a broad continental margin consisting 

of several subparallel ridges and basins, which separate the California coast from the 

deep Pacific Ocean basin. Moore (1969) separated the California Continental Border

land into five major zones: (1) northern, Transverse Ranges portion; (2) southern 

region of northwest-trending structure; (3) central region including an outer fault 

zone; (4) an inner fault zone; and (5) a broad, folded region between the latter two. 

This study examines the inner zone (figure 1) and includes part of the southern Bor

derland. As described elsewhere (Shepard and Emery, 1941; Moore, 1969; chapter 2, 

this volume), the Inner Borderland is dominated by northwest-trending ridges and 

basins. The overall steepness and linearity of the slopes and escarpments which flank 

the ridges and basins are evidence that tectonic activity has shaped the regional phy

siography. The structure of the Inner Borderland is parallel to that of the San 

Andreas fault system and is considered to be part of the Pacific - North American 

tectonic plate boundary (Moore, 1969; Vedder and others, 1974; Legg and Kennedy, 

1979; chapter 4, this volume). Models for the tectonic evolution of the California 

Continental Borderland vary from extension and rifting (Yeats and others, 1974; 

Yeats, 1976), to right-lateral wrench faulting (Moore, 1969; Howell and others, 1974; 

Vedder and others, 1974; Crouch, 1979; Legg and Kennedy, 1979), including conver

gent wrench faulting (Junger, 1976). Clockwise rotation of large crustal blocks In a 

broad, dextral shear zone, (creating triangular basins) has also been postulated for
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the tectonic development of the northernmost parts of the California Continental 

Borderland (Luyendyk and others, 1980). The author (chapter 4, this volume) demon

strates that right-lateral, wrench faulting dominates the late Cenozolc structure of 

the Inner Borderland discussed here. Both extension and convergence are locally 

significant, as Is typical of wrench fault systems.

In order to understand the character and history of sedimentation and deforma

tion within the area, It is necessary to develop a regional stratigraphy. In the 

offshore area, where outcrops have been only sparsely sampled, and even fewer stra- 

tigraphic test wells drilled, a working stratigraphy can be developed using seismic 

reflection data. Two major types of seismic stratigraphic units can be easily recog

nized on most marine reflection profiles. In general, a well-stratified sedimentary 

unit overlies a poorly stratified or highly reflective acoustic basement unit. Charac

ter of the reflectors within the well-stratified units provides clues regarding the sedi

mentation processes responsible for deposition of these units (Mltchum and others, 

1977; Vail and others, 1977). Correlation of reflection character for both sedimentary 

and basement units with samples from outcrops, piston cores or drilling have allowed 

additional Inferences about the sedimentary facies or basement rock types in areas 

with few or no samples.

Moore (1969) defined two litho-orogenic units (pre- and post-orogenic) in the 

California Continental Borderland based upon their seismic reflection character. 

Vedder and others (1974), Junger and Wagner (1977) and Junger (1979) combined 

regional offshore sampling, local onshore and island stratigraphic data and offshore 

reflection data to develop a more detailed offshore stratigraphy In the area offshore 

southern California. For the northern part of this study area, Kennedy and others
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(1980a,b) defined a simple, two part, Quaternary sedimentary stratigraphy, which 

overlies acoustic basement of Tertiary and pre-Tertlary age. Smith and Normark 

(1976) described six sedimentary units In the northwestern part of this study area.

Mitchum and others (1977) define 'sequence' and describe the technique of 

seismic sequence analysis for use in determination of the depositional history of a 

region. Acoustic horizons, recognizable by the character of the stratified reflections 

and their terminations against other sequences, are important for defining the boun

daries of each sequence. Also, the character of the reflections and reflector termina

tions within a sequence are Important for understanding the depositional or eroslonal 

process which shaped the sequence and provide clues to the lithofacies identification.

The present study utilizes seismic sequence analysis and regional geomorphic 

data to derive a working stratigraphy for the Inner Borderland west of northern Baja 

California, Mexico. Recognition of several Quaternary submarine fans from the 

detailed bathymetric studies of the author (chapter 2, this volume) and of important 

filled sedimentary basins along parts of the continental shelf allow definition of the 

major seismic stratigraphic units. Also, distinctive reflection character of other 

shelf and slope sediments as well as acoustic basement rocks add more stratigraphic 

units. In a few cases, these deposits can be correlated with the few bottom samples 

collected In the area by previous Investigators. Absolute age estimates of a few, key 

horizons is attempted using sedimentation rates derived from isotopically dated sam

ples of piston cores obtained in the vicinity. Finally, a brief Quaternary history is 

described for the region based upon the results of this study, and implications for 

eustatic sea level changes and tectonic events are discussed.
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SEISMIC STRATIGRAPHIC UNITS

Two major classes of seismic stratigraphic units are easily recognizable on most 

seismic reflection profiles. In general, a stratified or sedimentary unit overlies an 

unstratlfled (or poorly stratified) acoustic basement unit. For this study, these two 

primary units are subdivided into mappable units, which can be identified based upon 

their reflection character, geomorphic expression and spatial location, relative to the 

regional physiography. These units can be correlated along and between adjacent 

seismic profiles.

Aeouitic Baiement Uniti

Two classes of acoustic basement are recognized in this study: (1) volcanic or 

metamorphic, and (2) sedimentary. In high-resolutlon seismic profiles, the volcanic 

or metamorphic basement rock units show strong reflections, usually with an uneven 

surface and chaotic or unstratlfled internal reflections. Locally short, discontinuous, 

often discordant reflectors are observed within such units, but their general charac

ter is an unbedded appearance. An example can be seen In figure 8, (Maximinos 

Knolls). Doyle and Gorsllne (1977) reported 4 Myr old basalt dredged from a peak in 

this area.

Sedimentary acoustic basement units show some evidence of stratification or 

bedding below a strong, usually uneven surface which is often unconformable with 

overlying strata. The bedding within these units is usually significantly deformed, 

and the strong reflection from the top of such units signifies marked change in acous

tic properties between this and overlying deposits. This acoustic Impedance change 

is a result of a significant increase in density' and/or seismic velocity possibly exhi
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biting the older, more consolidated nature of the acoustic basement rocks. Alterna

tively, these may be of a  different sediment type, with significantly different porosity, 

density, or acoustic velocity. Some of these sedimentary basement units correspond 

to pre-orogenic deposits of Moore (1969) and may correlate with Miocene or older 

sedimentary rocks observed by Vedder and others (1974) or Kennedy and others 

(1980a,b).

Although the petrology of these acoustic basement rocks is important in unrav

eling the geologic history of the Inner Borderland, the high-resolution seismic data of 

this study do not provide adequate detail to map these units properly. Furthermore, 

the lack of sufficient bottom samples in the area does not allow proper identification 

or correlation of such units throughout the area. The regional extent or acoustic 

basement rock exposures is shown on plate 2, along with the regional geomorphology. 

Figure 18 crudely shows the distribution of basement rock types mapped in the 

region, compiled from various sources (Vedder and others, 1974; Gastil and others, 

1975; Doyle and Gorsllne, 1977; Krause, 1965; Moore and Kennedy, 1970).

Gastil and others (1975) divided the rocks of the Baja California peninsula into 

three major categories: (1) pre-batholithic, (2) Peninsular Ranges bathollth; and (3) 

post-batholithic. Rocks of the Peninsular Ranges batholith are not known to crop out 

within the Borderland, except as clasts in younger conglomerates, and so are not dis

cussed in this report. The pre-batholithic rocks found in the vicinity include sedi

mentary and volcaniclastic rocks of the early Cretaceous Allsitos Formation, for 

example, Punta Banda and Islas Todos Santos. Offshore Mesozoic basement rocks 

include Catalina Schist and Franciscan equivalents along Thirtymile Bank and 

Catalina Island (Vedder and others, 1974). Post-batholithic rocks of late Cretaceous
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Figure 18. Map showing the distribution of major, pre-late Cenozoic rock units 

identified In the Inner Borderland and surrounding regions. These rock types are 

inferred to represent the major acoustic basement rocks shown on seismic reflection 

profiles in this study, but their actual distribution within the Inner Borderland is not 

well-defined at present. Locations of cores and dredges with symbols identifying the 

principal tock types recovered are also shown along with the sample Identification 

number. Most of the cores shown recovered late Quaternary sediment. Map pattern 

for Miocene Igneous and pre-upper Cretaceous rocks Identifies rocks of the Peninsu

lar Ranges batholith onshore in Baja California.
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and early Tertiary age are common along the coast (e.g., Rosario and La Jolla forma

tions, Kennedy and Moore, 1971; Kennedy, 1975; Gastil and others, 1975). Offshore 

such rocks have been found near Point Loma (Moore and Kennedy, 1970), on the 

Santo Tomds shelf and ridge (Doyle and Gorsline, 1977) and along the northeast flank 

of Animal Basin (Doyle and Bandy, 1972).

MId-Cenozoic time was one of extensive volcanism throughout the region 

(Vedder and others, 1974; Gastil and others, 1975). Volcanic rocks of middle Miocene 

age have been sampled south of Tijuana (Rosarito Beach Formation, Minch, 1970), 

and throughout the California Continental Borderland (Vedder and others, 1974). 

Doyle and Gorsline (1977) found lower Pliocene basalt (ca. 4 Mya) In the vicinity of 

Maximinos Knolls, and Quaternary volcanic rocks are found on Punta Collnett (Gastil 

and others, 1975).

Sedimentary rocks of Miocene age are also widespread throughout the Border

land (Vedder and others, 1974), but crop out only along the coast In a few areas. A 

prominent member of these Miocene units is the San Onofre Breccia and its 

equivalents found south of Tijuana (Minch, 1970; Stuart, 1974, 1979) and on Islas Los 

Coronados (Lamb, 1979). Large clasts of Catalina Schist and other Franciscan types 

imply that a ridge of this Mesozoic basement existed in the Inner Borderland of this 

area during middle Miocene time (Stuart, 1974,1979).

Sedimentary Unite

For this study, the sedimentary seismic stratigraphic units have been subdi

vided into three broad categories based on their physiographic location: (1) shelf sed

iments; (2) slope sediments; and (3) basin sediments. Figure 19 shows the approxi-



Figure 19. Map showing the principal late Cenozoic sedimentary units of the Inner 

Borderland of this study. Diagonal lined patterns generally indicate major basin fills

of turbidites supplied by the larger submarine canyon/fan systems. Horizontal lines
.........

identify shelf sedimentary units. Stippled patterns are assw<MJ5nTrmi slope aprons 

or smaller submarine fans. The vertical lines represent the presumably older(?) Des- 

canso unit of Smith and Normark (1976) which underlies much of the central deep 

area of this study.
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mate distribution of the major late Cenozoic sedimentary units in the Inner Border

land studied herein. Plate 2 also shows the surficlal distribution and geomorphic 

character of these units in more detail.

Shelf Sediment!

Shelf sediments are separated into two groups for this study. Ponded shelf sed

iments are generally flat-lying and located shoreward of an offshore acoustic base

ment rock ridge which has acted as a dam (figure 5). These sediments may grade 

laterally Into the second type of shelf sediments, that is, prograding or cross-bedded 

units, in a direction sub-parallel to the coastline and offshore ridges.

The prograding deposits are found along the shelves bordered by more gentle 

slopes. These deposits grade laterally into upper slope deposits in most cases (figure 

8). Shelf deposits of this type are along Loma Sea Valley, Bahl'a Descanso, off Punta 

San Miguel and in Bahl'a Soledad. These deposits are the lateral equivalent of their 

associated slope deposits. The shelf break, an easily identifiable topographic feature, 

provides the demarcation between shelf and slope deposits.

Slope Depoiiti

An important feature of slope deposits is the common presence of disrupted 

bedding, such as chaotic and crenulated reflectors, characteristic of slumping, creep 

or other slope movements (figures 8 and 9). In many cases, slope deposits are rela

tively transparent, acoustically, and reflection profiles show fewer, or less distinct 

internal reflectors than nearby basin deposits (figures 8 and 10). Acoustic trans

parency of sediments is considered to be evidence of dominantly hemipelagic sedi

mentation (Smith and Normark, 1976), whereas well-bedded deposits with distinct,
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continuous, parallel Internal reflectors in the nearby basins are Interpreted as turbi- 

dltes (Moore, 1969; Smith and Normark, 1976). On slopes near submarine canyons, 

overbank deposits from large turbidity currents may produce more regular, well- 

defined Internal reflectors within the slope units. Similarly, progradlng shelf deposits 

tend to show more distinct, closely spaced reflectors than do slopes more isolated 

from direct shelf sediment influx. Further study with bottom sampling Is needed to 

correlate reflection character with sediment type for these sediments. Reflection 

data of this study clearly show more than one distinctive type of slope deposit. Also, 

different acoustic systems can show somewhat different reflection character for the 

same type of deposit (cf. figures 4, 5, 8, 9 and 10)

Baiin Sediments

The basin deposits within the California Continental Borderland have been stu

died by numerous investigators. Moore (1969) determined that most of the sediments 

in the Borderland basins are turbidltes. Gorsline and Emery (1959) diagrammed the 

sequence of Borderland basin filling by turbidltes from the continental landmass sea

ward (figure 16). Moore (1969) noted that most of the post-orogenic sediments in the 

outer Borderland basins are relatively thin covers of hemipelagic muds, showing the 

isolation of these basins from the bottom flowing turbidity currents. He found that 

inner basins have relatively thicker post-orogenic deposits of turbidltes. Smith and 

Normark (1976) described six sedimentary units within the San Diego Trough and 

East San Clemente Basin using seismic reflection data. This study expands their 

work to a larger area, and recognizes additional submarine fan deposits. Seismic 

sequence analysis as described by Mitchum and others (1977) and Sangree and Wid-
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mier (1977) Is also used in the present study, and the reader is referred to these 

papers for detailed discussion of the technique and Its terminology.

Using seismic reflection data, basin deposits of the Inner Borderland can be 

grouped Into five distinct classes: (1) middle and upper fan deposits; (2) lower fan and 

gently sloping basin plain turbidltes(?); (3) ponded basin plain turbidltes; (4) older, 

deformed basin turbidltes(?); and (5) hemipelaglc deposits. Correlations of shallow 

piston, gravity and box core data with hlgh-resotutlon seismic reflection data (3.5 

kHz) have shown that the depth of acoustic penetration "is a function of the relative 

amount of sand or coarser material in the near-surface sediments;" for turbidltes 

(Normark and others, 1979). Normark and others (1979) also noted that areas of sub

marine fans underlain by predominately muddy sediments commonly showed continu

ous, multiple reflectors and significantly greater acoustic penetration than areas 

underlain by sandier sediments.

Upper fan deposits are characterized by fan valley and levee complexes (Nor

mark, 1974). Middle fan deposits show hummocky topography on surface echo- 

sounding data (Normark, 1970,1974), attributed to numerous small distributary chan

nels. Figure 9 shows that upper and middle fan seismic sequences are distinguished 

by several strong reflectors, with uneven surfaces, separated by relatively transparent 

intervals, with few, discontinuous, internal reflectors. Separation between upper and 

middle fan deposits at the seafloor can be accomplished using geomorphic criteria 

(plate 2), but is more difficult In older, buried fan deposits. Normark and others 

(1979) relate the strong bottom reflections and lack of coherent Internal reflectors in 

high-resolutlon, seismic profiles, to the presence of sands in the upper and middle fan 

deposits. They also find that overbank sediments show more coherent reflectors than
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the channels and depositional lobes, indicative of the well-bedded muds of these 

deposits.

Middle fan deposits grade into the lower fan and gently sloping basin plain depo

sits as seen In figure 9. Lower fan and basin deposits are recognized in seismic 

profiles by the presence of multiple, parallel to sub-parallel reflectors. The undula

tions seen in figure 9, are a result of gentle folding associated with the tectonically- 

active San Clemente fault zone. Even where gently folded, these deposits show sub

parallel reflectors and generally do not appear to be truncated against other horizons, 

except a t structural discontinuities.

Ponded, basin plain turbldites(?) are easily recognized by their sub-horizontal, 

even, parallel, bedded reflectors, which show definite onlap against older basin depo

sits (figure 8). Again, the deposits shown in the figure are disrupted by youthful fault 

movement as along the San Isidro fault zone. Examination of the regional bathymetry 

(plate 1) shows the seafloor is extremely flat in the areas of these ponded basin depo

sits (gradient <1:1000). Krause (1961) reports muds with Interbedded sand and silt in 

a gravity core (SOB-2) taken near the ponded deposits shown in figure 8, confirming 

their turbidite nature. Similar deposits are in North San Clemente Basin and are 

discussed in detail elsewhere (chapter 6, this volume).

Older basin deposits are generally recognized by two criteria, deformation and 

stratigraphic superposition. These deposits are more deformed than the younger 

basin deposits described above. For example, in figure 8 the older basin deposits 

west of the San Isidro Ridge show both folding and possibly tilting, if they were origi

nally deposited sub-horizontally. Other older basin deposits can be recognized below 

prominent unconformities a t the base of the younger fan and basin deposits. For
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example, the ponded basin unit in the Ensenada Trough overlies a gently curved, pos

sibly folded or draped, older basin deposit (figure 8). The Descanso unit of Smith and 

Normark (1976) is another example of older basin deposits in the area (figure 11).

The last seismic stratigraphic unit to be discussed is the hemipelagic unit. 

Smith and Normark (1976) showed an acoustically transparent layer within the sedi

ments of the region. They presumed this to be a layer of hemipelagic muds, depo

sited in areas which had become Isolated from direct turbidite influx. This same unit 

( PEL in figure 11) can be traced for significant distances throughout the Inner Bor

derland and provides an excellent chronostratigraphic m arker horizon. The unit 

extends to the seafloor southeast of Navy Fan (figure 2 of Smith and Normark, 1976), 

where six piston cores were taken (Normark and Piper, 1972). These cores showed a 

predominance of hemipelagic muds, although there were significant sand and silt 

layers in those cores located closest to Navy Fan (Normark and Piper, 1972). One of 

those cores (6P) was studied In detail by Dunbar (1981) and is discussed in the next 

section. The presence of some layers of fine sand and micaceous mud In all of these 

cores Is an indication that occasional, large turbidity currents are able to surmount 

the topographic barriers nearby and provide turbidltes to  these areas. One other 

Important characteristic of hemipelagic deposits Is their 'draped’ appearance, show

ing relatively uniform thickness over gentle topography (figure 11; figure 2 of Smith 

and Normark, 1976).
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SEDIMENTATION RATES AND CHRONOLOGY

With few bottom samples and only one stratigraphic test well (La Jolla Mohole 

site, Moore, 1964, 1969; Inman and Goldberg, 1963; Hamilton, 1964) In the area, 

establishment of absolute age of key stratigraphic horizons Is difficult. However, the 

presence of well-defined marker horizons ( PEL In figure 11, base of the ponded unit 

in figure 8), warrants an attempt to estimate the absolute ages of these units. Moore 

(1969) postulated that the post-orogenic sediments In the Borderland are less than 

about one million years old, although continuous deformation In the area up to the 

present makes definition of post-orogenic difficult in some cases. Vedder and others 

(1974), Junger and Wagner (1977) and Junger (1979) generally consider the younger 

basin fills of the California Continental Borderland to be post-middle Miocene in age.

Dunbar (1981) performed detailed analyses, including radiocarbon dating and 

isotopic analyses of piston cores obtained from East San Clemente Basin (also 

described by Normark and Piper, 1972). One core (BP) was found to have an essen

tially complete record of late Pleistocene to Holocene sedimentation and contained 

few sand layers, which might indicate rapid variation in sedimentation rates, and 

possible erosion of underlying beds. This core was used by Dunbar (1981) to study 

the sedimentation during the last glacial/interglacial transition. Because this core 

was taken from an area where the hemipelagic layer extends to the surface (see 

Smith and Normark, 1976; figure 2, line L), an estimate of the average, late Quater

nary sedimentation rate based upon this core will allow estimation of the age of the 

base of the hemipelagic layer.
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Sample depth versus absolute age Tor this core (6P) is plotted in figure 20. Also 

plotted are depth versus radiocarbon or oxygen isotope ages for several other cores 

obtained in the California Continental Borderland, and offshore western Oregon. The 

data selected for this plot are from cores In outer basins of these borderlands, or at 

least parts of nearshore basins, where insignificant sandy turbidlte accumulation has 

occurred during latest Quaternary time (Emery, 1960; Heath and others, 1976; Kulm 

and Scheidegger, 1979; Dunbar, 1981).

The most significant feature of the data plotted in figure 20 is the distinct 

change in sedimentation rate, shown by the slope change for the curves at about 

12,000 to 15,000 years B.P. This corresponds with the end of the Wisconsin glacia

tion. All of the other cores, except for the deep-sea, Gorda Ridge core, show this 

decrease in sedimentation at about the same time.*

Some of the apparent variability in time of onset for this event may be due to 

differences in age of the top part of the cores. Emery (1960) and Dunbar (1981) have 

noted a significant bias in radiocarbon age of seafloor sediments, which may be asso

ciated with sediment mixing by benthic organisms, as indicated by thousand year old 

ages of surficlal sediments. It is therefore, necessary to correct ages in the cores by 

the surface sediment age. Alternatively, time Intervals between dated sections of the 

cores can be used directly to estimate sedimentation rates.

The sedimentation curves shown in figure 20 are remarkably parallel to each 

other (except for core 6 9 1 0 -2  ). Because the deep-sea (Gorda Ridge, core 6 9 1 0 -2  ) 

data are also parallel to the Holocene sedimentation data for the other cores, it is

* The age resolution is about ±500-1000 years for the radiocarbon dating techniques used.
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Figure 20. Sediment age versus depth curves for several selected northeast Pacific 

piston cores. These curves are used to estimate the late Quaternary sedimentation 

rates in the region. All data, except for the Gorda Ridge data, are from borderland 

basins or basins along the continental margin. See the references listed for more 

detailed descriptions of the cores. Symbols locate the average depth and estimated 

age for the core samples. The long bars for core 4P represent estimated age limits, 

based upon F oram inifera  data. Lines connecting data points are meant to show 

samples from the same core and possible variations in sedimentation rate. A late 

Quaternary average sedimentation rate, based upon DSDP data from a slope basin off 

the Oregon coast, Is also shown (Kulm and Scheidegger, 1979).
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reasonable to conclude that the Holocene sedimentation In these areas has been dom

inated by hemipelagic deposition, consistent with the assumption of Smith and Nor

mark (1976) for the acoustically transparent layer. The higher rates during the Pleis

tocene epoch may result from more frequent influx of sediments from large turbidity 

currents that are able to surmount the nearby topographic barriers and reach these 

more Isolated basins. Alternatively, hemipelagic sedimentation in these basins 

located nearer to the coast than the Gorda Ridge core location, may be significantly 

higher during the times of lowered sea level.

Age of the Hemipelagic Unit

In order to estimate the overall age of the hemipelagic layer (PEL) observed in 

the seismic profiles, an average late Quaternary sedimentation rate for this part of 

San Clemente Basin must be determined. Figure 21 shows an enlarged view of the 

age versus depth data for the California Continental Borderland cores. Table 2 

shows the data used to compute the average sedimentation rates and absolute age for 

the East San Clemente Basin hemipelagic layer near core 6P. An average rate of 

18±2 cm /ka is used to compute the age of the hemipelagic unit. Because this rate is 

dominated by the lower, Holocene sedimentation rate, it represents a lower bound 

estimate of the long-term average, late Quaternary rate. It is comparable to, but 

significantly lower than, the ayerage rate determined by Kulm and Scheidegger (1979) 

for a basin offshore Oregon (23-24 cm/ka) oyer a  300,000 -  400,000 year Interval.

Besides estimating an average sedimentation rate, it  is also necessary to com

pute observed sediment thicknesses from travel-time data on the seismic profiles. 

Correction of these thicknesses for compaction is also necessary to get an accurate



93

Figure 21. Detailed plot of latest Quaternary sedimentation rates for the California 

Continental Borderland. Symbols are as described in figure 20. Open symbol for the 

Santa Catalina Basin data indicates the intersection of the projections of the lines 

between the data plotted for shallower and deeper samples in the xores. Dashed line 

represents the estimated average late Quaternary sedimentation rate used in this 

study and is based upon the data for core 6P.
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estimate of absolute age. Moore (1969), using wide-angle seismic reflection data from 

San Clemente Basin, reports an Interval velocity of 1.5 km/sec for the upper 0.1 

seconds of sediments observed. Using this value for interval velocity, and the pro

cedure outlined by Moore (1969) for compaction corrections, an uncompacted thick

ness for the hemipelagic layer is computed (Table 2). Using the computed sediment 

thickness and the average rate of sedimentation, an age of 470±60 ka is calculated 

for the bottom of the hemipelagic layer. Since the sedimentation rate is a lower 

bound estimate, the calculated age probably represents a maximum. Smith and Nor

mark (1976) estimated the age of this unit as 200 ka using a sedimentation rate of 30 

cm/ka (after Emery, 1960). Their age estimate probably represents a minimum, 

because they used a significantly higher sedimentation rate and did not correct for 

compaction. Clearly, the base of the hemipelagic unit, and its correlative conformity 

which can be mapped throughout the area, is a late Quaternary horizon.

Age of the Banda Fan Ponded Turbidite

One other significant marker horizon for which an absolute age was estimated Is 

that delineated by the lap outs a t the base of the ponded turbidltes of the Banda Fan 

In the Ensenada Trough. As seen in figure 8, a  relatively transparent (acoustically) 

layer of slope sediments grades laterally into and under the ponded unit. The age of 

the base of this slope unit serves to date the base of the ponded unit. Assuming these 

slope deposits are predominately hemipelagic muds with insignificant turbidite influx, 

a sedimentation rate of 11:4=1 cm /ka is used, the Holocene rate for core 6P. Because 

these are slope deposits and lie at significantly shallower depths than the largest tur

bidity currents from the Banda Fan can reach, the author believes this
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slow rate is appropriate for a late Quaternary average. Kulm and Scheldegger (1979) 

determined upper continental slope sedimentation rates between 10 and 14 cm /ka for 

the late Quaternary off the Oregon coast. Following the same procedure as described 

above and shown in Table 2, an estimated age for the base of the ponded unit in the 

Ensenada Trough is found to be 640±60 ka. Considering the low sedimentation rate, 

this estimate is also probably an upper bound.

DISCUSSION

The marked unconformity below the ponded turbldites of the Banda Fan 

identifies a significant change in deposition during late Pleistocene time. In fact, this 

horizon may indicate the time of formation of the Banda Fan when the Banda subma

rine canyon breached the basement rock ridge between Punta Banda and Islas Todos 

Santos, thus pirating the terrigenous sediments of Vall'e Maiieadero from an older 

canyon/fan system offshore Punta San Miguel. The bowl-shaped head of Banda 

Canyon within Bahi'a Todos Santos, possibly resulting from slumping into the Banda 

Canyon of unconsolidated deposits ponded behind the Punta Banda - Todos Santos 

Ridge, is consistent with this hypothesis. Prior to the breaching of this basement 

ridge, sediments from rivers and streams in the Valid Maiieadero and Ensenada area 

were deposited on the shelf, In Bahi'a Todos Santos, and reached the deeper, offshore 

basin through an older submarine canyon west of Punta San Miguel. A burled channel 

is evident in the shelf sediments in this area (figure 22), and poorly defined canyons 

are noticeable in the bathymetry across the slope to the west (plates 1 and 2).

Although Punta Banda and Islas Todos Santos have been uplifted throughout the 

Pleistocene epoch, evident from the numerous uplifted marine terraces, timing for
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Figure 22. Line drawing or sparker seismic profile (Line B-29) across Bahi'a Todos 

Santos (see figure 4 for location). Different acoustic facies identified are interpreted 

based upon character of the reflectors. Prominent burled channel may mark former 

conduit through which sediments of Valid Mandadero and Bahi'a Todos Santos passed 

to the deeper offshore basins.
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the breach by the Banda Canyon probably correlates with a relative high, sea level 

stand. Continued erosion by turbidity and/or traction currents within the canyon 

have since been able to maintain the active channel through the basement ridge even 

though tectonic uplift of this area has continued.* Tectonic activity may also have 

had an effect in breaching the ridge, and enhanced erosion of the sheared rocks of 

the Agua Blanca fault zone probably contributed to the canyon downcutting in this 

particular location. Farre and others (1983) have described a similar model of head

ward erosion for the evolution of submarine canyons.

Salslpuedes Fan (figure 9) overlies conformably the older Descanso Fan unit of 

Smith and Normark (1976). The hemlpelagic unit (PEL) Is not recognizable in figure 

9. A change in acoustic character, possibly signifying progradation of the more prox

imal fan facies over older basin deposits is apparent in figure 11, The older Descanso 

unit may be a distal equivalent of the early Salslpuedes Fan, or of the older, now 

Inactive (?) fan off Punta San Miguel discussed above. Based upon the preceding dis

cussion, however, it probably predates the Banda Fan.

The widespread hemlpelagic unit represents an extended Interval without 

significant turbidite influx in parts of the San Diego Trough and San Clemente Basin. 

Both Coronado and Navy submarine fans overlie this unit, (Smith and Normark, 1976; 

also figure 11), and it is proposed here that the Coronado Canyon has a similar his

tory of development as that discussed previously for the Banda Canyon. Prior to 

breaching of Coronado Bank by the Coronado Canyon, terrigenous sediments from 

the San Diego and Tl'a Juana Rivers ponded behind Coronado Bank and reached the

* It it alto possible that strike-slip along the Agua Blanea fault sone has occurred in the area (chapter 4, 
this volume).
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San Diego Trough via Loma Sea Valley and La Jolla Fan. Some of these sediments 

may have been transported southward by longshore drift, to the small canyon In 

Bahi'a Descanso (Descanso Canyon) to reach the Salslpuedes Fan. Timing of the 

breaching of Coronado Bank by Coronado Canyon and abandonment^) of Loma Sea 

Valley as a major, active canyon are marked by the age of the upper boundary of the 

hemlpelagic unit below the oldest Coronado Fan deposits. As noted by Smith and 

Normark (1976), the absence of the hemlpelagic unit farther north in the San Diego 

Trough shows that the La Jolla Canyon and Fan have been active relatively continu

ously throughout Quaternary time. Smith and Normark (1976), Normark and Piper 

(1972) and Normark and others, (1979) discuss the history of Navy Fan in more 

detail.

CONCLUSIONS

It Is evident from the data presented here and elsewhere (Moore, 1969; Normark 

and Piper, 1972; Smith and Normark, 1976) that sedimentation patterns and rates of 

deposition have undergone significant variations during late Cenozoic time in the Cal

ifornia Continental Borderland. The older basin fills may have accumulated relatively 

slowly with occasional turbidite Influxes separated by long Intervals of hemlpelagic 

deposition. As outlined by Gorsline and Emery (1959), the nearshore basins were the 

first to fill, a t least to sill depth. Direct avenues of turbidite transport to parts of the 

adjacent offshore basins (San Diego Trough, Descanso Plain, and East San Clemente 

Basin) were available, however. Major fault zones, including the Rose Canyon and the 

Agua Blanca, provided gaps in the nearshore ridge and bank system for the major 

submarine canyons to pass.
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During late Pleistocene time, new submarine canyons breached the nearshore 

ridges, and new submarine fans formed, Increasing the Influx of turbidltes to the 

offshore basins. These breaches are probably related to eustatlc sea level changes, 

and more accurate dating of the prominent unconformities underlying these younger 

fan deposits may allow their correlation with uplifted marine terraces onshore. Tec

tonic activity may also have had significant influence on the formation of these new 

canyon/fan systems. Enhanced erosion along sheared rocks of the major fault zones 

provided easy avenues for canyon headward(?) erosion. Tectonic activity also created 

additional topographic barriers, so that (East) San Clemente Basin became further 

Isolated from all but the largest, less frequent turbidity currents. The openning of 

Navy Channel when San Diego Trough filled to sill depth provided a  new avenue for 

turbidite influx to East San Clemente Basin (Normark and Piper, 1972).

The seismic stratigraphy developed for this study demonstrates the complex 

Interaction between tectonics, eustasy, and sedimentation processes in the late 

Quaternary filling of the basins of the Inner Borderland offshore of northern Baja 

California, Mexico. Earlier tectonic activity which formed the major ridges and 

basins of the California Continental Borderland had a profound impact on the late 

Cenozoic sedimentation history. Continuing tectonic activity coupled with episodic 

(quasi-periodic?) eustatic sea level fluctuations has produced a  complex post- 

orogenic(?) depositional history. Further research in the area may unravel more of 

the details of the sedimentation patterns and lead to increased understanding of the 

geological history of this continental margin and tectonic plate boundary. Results 

from this research are of value to understanding resource potential of this and simi

lar continental margins.
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CHAPTER 4 

CHARACTER AND RECENCY OF FAULTING

Introduction

The characteristic basin and ridge physiography of the California Continental 

Borderland has long been attributed to faulting and structural control. Lawson (1893), 

Smith (1898) and Shepard and Emery (1941) recognized the steep, curvilinear slopes 

bounding the major Islands and ridges and proposed their fault origins. Within the 

Borderland, Moore (1969) described an "inner zone of major northwest-trending 

faults", which he considered an offshore extension of northern Peninsular Ranges 

structure.

The present study involves a detailed investigation of the geologic structure of 

the Inner Borderland, for the region lying approximately between the U.S./Mexico 

International border and Punta Collnett, along the Baja California Coast (figure 23). 

This area Includes the postulated boundary between the northern and southern Bord

erland, delineated by the offshore Santo Tomris fault and Its previously inferred con

nection with the southern branch of the Agua Blanca fault onshore (Krause, 1965).

Because the principal structural trend of the California Borderland Is subparal

lel to the San Andreas fault system, the region is considered to be a part of the 

Pacific-North American tectonic plate boundary (Moore, 1969; Crowell, 1974; Blake 

and others, 1980; Howell and others, 1950; Legg and Kennedy, 1979). Miocene exten

sion and rifting has been proposed by some to account for the major Borderland phy

siography (Yeats and others, 1974; Blake and others, 1978, Yeats, 1976). Others have 

postulated ridge and basin formation due to anastomizlng fault strands in a broad
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Figure 23. Bathymetry or the Inner Continental Borderland west of northern Baja 

California. Contour Interval offshore Is 100 m, and onshore, 500 m. Bathymetric 

data were compiled from various sources Including plate 1 of this study (chapter 2, 

this volume), Moore, (1969) and the National Ocean Survey (1974) bathymetric charts 

of the region offshore southern California (NOS charts 1206N-15, -16).
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zone of transform faulting (Crowell, 1974, Howell and others, 1980). Wrench faulting 

has been recognized In the area (Wilcox and others, 1973; Harding, 1973; Greene and 

others, 1979; Crouch, 1981), and Junger (1976) proposed that convergent, right- 

lateral, wrench faulting between "deep seated mlnl-plates" accounts for the primary 

structural character of the entire southern California part of the Borderland. Prel

iminary Investigation of marine geophysical data in the area of this study allowed 

southward extension of Junger's hypothesis to Include the region offshore of 

northwestern Baja California (Legg and Ortega, 1978; Legg and Wong, 1979; Legg and 

Kennedy, 1979).

The principal objectives of this study are to determine (1) the location and 

extent of deformation associated with the major fault zones in the area offshore of 

northern Baja California (figure 23); (2) the character of the faulting associated with 

these zones and their structural relationships; and (3) the recency of movement along 

each of these faults. A subsequent report (chapter 7, this volume) discusses the tec

tonic Implications of these faults in relation to the regional tectonic framework.

DATA

The principal data for the present study were collected by the author during two 

marine geophysical cruises (CFAULTS 1 and 2) during September, 1978 and July, 

1979 aboard the Scripps Institution of Oceanography Research Vessel Ellen B. 

Scrlpps. Over 3,000 km of sub-bottom, seismic reflection profiles were obtained dur

ing these cruises (Figure 24). Both high-resolution, shallow penetration and 

medium-resolution, deep penetration seismic systems were used, in order to delineate 

more precisely the significant shallow geological structure. Table 1 lists the cruise
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Figure 24. Tracklines of seismic reflection profiles used for this study and refer

ences for additional data included in mapping the regional geology. Data from cruise 

tracks labelled CFAULTS-1 and -2 were obtained by the author and are available 

from the SIO Geological Data Center. Data from cruise tracks offshore San Diego 

were obtained by Mike Kennedy and can be obtained from the California Division of 

Mines and Geology. Data from other cruises shown were obtained by Moore (1969) 

and are also available a t the SIO Geological Data Center.
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information and types of data acquired which were used for this study. Seismic 

equipment employed included a 3.5 kHz echo-sounder, a  30 kJ sparker system 

(filtered between 63-160 Hz), and a small (5-10 cu. in.) a ir gun (filtered between 25- 

150 Hz). Because a large compressor was used, relative to the chamber capacity of 

the alrgun, we had to ‘blow-down’ the compressor every 30 minutes, resulting in a 

characteristic, short-lived degeneration of the record quality (see for example, figures 

5 and 6).

Navigation for these cruises involved combinations of satellite fixes, RADAR 

ranging, LORAN-C, precision RADAR transponder ranging, and dead reckoning. The 

final navigation track plots (shot point maps) were compiled ashore following the 

cruises using the best navigated lines, either good satellite fixes or precision tran

sponder navigation, for control. The other lines were then adjusted so that the 

bathymetric soundings matched at line crossings. The procedure is described in 

more detail elsewhere (chapter 2, this volume, and the Appendix) and was also used to- 

prepare the bathymetric charts used as base maps in this study (plates 1 and 3). 

Relative position accuracy varied from ± 3 0  m where transponders were used, to 

± 500  m in areas where only RADAR fixes to distant shore points could be made.

Spacing between seismic profiles was generally close (5-10 km) and in areas of 

special interest, very close (~500 m). Kennedy and others (1980) found such close 

spacing is necesssary for detailed correlation of structure between adjacent profiles. 

A few areas on the perimeter of the study were profiled a t significantly wider line 

spacing, and so detailed correlations were not possible, although bathymetric data 

based upon more closely spaced soundings allowed interpolation of geologic structure 

between the seismic profiles. Two significant gaps in detailed seismic data are
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present, however, due to Insufficient density of seismic profiles crossing these 

regions. Both lie approximately along the U.S. - Mexico border, one near shore, 

where equipment problems prevented acquisition of good data on the few crossings of 

the area, and the second, along the southern end of Thlrtymlle and Fortymile banks, 

where older data of Moore (1969) may exist but have not been Incorporated Into this 

study. These border gaps are also a result of failure to achieve significant overlap 

between research cruises conducted by scientists working on opposite sides of the 

international border.

Other data used in the study Include the hlgh-resolution seismic reflection data 

collected by Mike Kennedy (California Division of Mines and Geology, personal com

munication) for detailed studies of faulting offshore San Diego (Kennedy and others, 

1980a,b; Kennedy and Welday,1980). Also, some of Dave Moore's data from his ear

lier studies of the California Continental Borderland (Moore, 1969) were used to fill 

important gaps. Finally, Sea Beam studies of part of the San Clemente fault zone 

(chapter 5, this volume) Including a few high-resolution seismic profiles in that area 

were also used.

INTERPRETATION

Several excellent texts on the Interpretation of seismic data are available 

(Sheriff, 1978; Dobrin, 1976; Waters, 1981). Therefore, a brief discussion is 

presented of only a few of the most important points relevant to the Interpretation of 

the seismic data as used herein for the preparation of the structural maps (plate 3). 

Detailed explanation, including several excellent examples of seismic reflection 

Interpretations, and of the geologic map symbols used in this study and for the entire
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California continental margin Is presented by Kennedy and others (1985).

In general, faults are recognized by termination or offset of sub-bottom 

reflectors In the seismic profiles. Distinct offsets, truncations, or changes In dip of 

these reflectors mark a well-defined fault. Inferred faults are located where the ter

mination of reflectors Is less distinct and may Involve bending of the reflectors or 

changes in seismic reflection character across "an obscure, seismlcally-dlsturbed 

zone" (Kennedy and others 1985). Questionable faults are mapped where the interr

uption of sub-bottom seismic reflectors Is obscure, but that continuation of a better 

defined fault Into the region on the profile In question is likely. Also, some of the 

more prominent topographic lineaments, marked by steep slopes or scarps are 

mapped as questionable faults; inferred faults if  one or more seismic profile(s) cross

ing the slope shows a fault. Finally, tectonic geomorphlc principles described In 

chapter 5 (this volume) were used to map the principal, recently(?)-active fault traces 

In the areas of the Sea Beam precision bathymetric data.

Folds were Identified by flexures in the sub-bottom reflectors. Because of the 

large vertical exaggeration present In the seismic data, what appear to be moderate 

or even tight folds are, in fact, quite gentle. Most of the folds observed within the 

basin sediments in the area are very gentle, and would be imperceptible but for the 

vertical exaggeration. Some are definitely related to tectonic movements, whereas 

others are interpreted to be related to sediment draping over basement topography. 

Differential compaction is also possible for some of the more gentle folds observed in 

the basin sediments, especially where significant variability' exists in sedimentation 

from submarine fan turbidite Influx to hemlpelagic.
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Fault character can be generally determined by the type of offset observed in 

the reflection profiles, secondary structures and the overall fault pattern, In both 

vertical and map views. Dip separation is most easily identified on seismic profiles, 

because all sub-bottom reflectors show the same sense of offset but often of varying 

amount. Because of the large vertical exaggeration present in the data used in this 

study, many faults show vertical dips, and so normal versus reverse separation must 

often be determined by other means. Fault drag apparent in reflectors abutting the 

fault is most useful. Reverse drag is typically seen associated with normal fault 

offset in the California Continental Borderland (Moore, 1969). Also, small grabens 

between subparallel fault traces imply normal fault offsets. Strike-sllp faults, com

mon to the area, show variable sense of reflector offset and drag, both along strike on 

adjacent profiles and within the same profile a t various depths.

Many of the major faults in the area show evidence of oblique slip In that the 

offset character shows significant dip-separatlon on individual profiles, whereas the 

sense of the offset changes along strike. Divergent wrench faulting or normal oblique 

strike-sllp is characterized by Inverted (negative) flower structure (also called 

chevron-shaped dilatlonal synclines) in seismic profiles (Harding, 1983, 1985; Bally, 

1983). Monoclinal downwarping of sub-bottom reflectors Into the main fault zone is 

the most easily recognized feature of this type in the high-resolutlon data of this 

study (figures T and 9). The large vertical exaggeration, and relatively shallow pene

tration of these data preclude identification of convergence of the near surface fault 

traces with depth. Convergent wrench faults or reverse oblique strlke-slip faults are 

characterized by palm tree or positive flower structure in seismic profiles, (Harding, 

1983, 1985; Bally, 1983). Upwarping of the sub-bottom reflectors into prominent



113

folds, which lie subparallel to the fault trend, and upthrusts (reverse faults which 

steepen with depth, Sylvester and Smith, 1976; Wilcox and others, 1973; Harding, 

1973; Lowell, 1972) are common along these convergent wrench faults, (figure 6).

Simple, parallel wrench faults or pure strike-sllp faults show variable apparent 

reflector offsets with depth in seismic profiles and are often marked by simple, single, 

throughgoing fault traces in this area (figure 9). Also, as observed by geologists on 

land, major strlke-slip faults have near vertical dips and so cut relatively straight 

paths across topography, (note the prominent rift valleys and other llneations in the 

bathymetry, plates 1,3,4 and 5).

CHARACTER OF FAULTING

The faulting of the Inner Borderland of southern California and northern Baja 

California' is characterized by northwest-trending, right-lateral wrench faults 

(Junger, 1976; Legg and Ortega, 1978; Legg and Wong, 1979; Legg and Kennedy, 1979; 

Greene and others, 1979; Kennedy and others, 1980a,b). Data of this study confirm 

this conclusion and allow a more detailed interpretation of the nature of the major 

wrench fault zones which dominate the regional structure. Significant variations of 

structural style along strike and at depths for these fault zones is apparent from the 

data presented in this section.

As initially proposed by Junger (1976) and extended by Legg and Ortega (1978) 

and Legg and Kennedy (1979), the late Cenozoic faulting of the Inner Borderland can 

be divided Into four major wrench fault zones. These are: (1) Santa Cruz - San 

Clemente - San Isidro; (2) San Pedro - San Diego Trough - Bahi'a Soledad; (3) Palos 

Verdes Hills - Coronado Bank - Agua Blanca; and (4) Newport - Inglewood - Rose
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Canyon - Vallecitos - San Miguel fault zones. As shown in figure 25, the second zone 

of Legg and Kennedy (1979) has been renamed from Maximinos to Bahi'a Soledad fault 

zone. More detailed mapping shows connection of the Bahfa Soledad fault to the 

southern branch of the Agua Blanca fault near Punta Santo Tomds, whereas the Max

iminos fault is subparallel to Punta Banda and more closely related spatially and 

structurally(?) to the Agua Blanca - Coronado Bank fault zone. The faulting In this 

area is, however, very complex, and both, possibly all or the innerm ost fault zones 

link with the major transpeninsular (trans-Baja) Agua Blanca fault. Thus, two major 

fault systems (subsystems of the San Andreas fault system of Crowell, 1962) are 

apparent, i.e., the San Clemente and Agua Blanca. The following sections discuss 

some of the more Important details of each of these fault zones.

SAN CLEMENTE FAULT SYSTEM

The San Clemente fault system extends completely across the region of this 

study and perhaps for a considerable distance beyond at both ends (Moore, 1969; 

Junger, 1976; Junger and Vedder, 1980, personal communication; Vedder and others, 

1974). As shown in plate 3 and figure 25, It is delineated by a narrow, < 5  km wide, 

continuous zone of faulting across the entire length of this study area, (figures 8 and 

9) and beyond for a distance In excess of 300 km. As such, it represents the most 

significant, active late Cenozoic structural feature in the California Continental 

Borderland. In fact, as a major fault zone, it ranks third, in overall length, for all of 

California’s faults, following the San Andreas and the San Gregorio-Hosgri fault 

zones. Its southward extent is unknown, but it clearly does no t link with the Agua 

Blanca fault as postulated by many previous investigators (Allen and others, 1960;
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Figure 25. Map showing the principal late Cenozoic faults of the Inner Borderland 

and adjacent regions of southern California and northern Baja California. The 

off shore faults have been divided into two major fault systems: San Clemente and 

Agua Blanca. Both are principally right-slip in character, although dip-slip is locally 

important In many areas. (See figure 24 for principal data sources used to delineate 

the major faults outside the area of the detailed seismic reflection profiling surveys 

of this study).
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Krause, 1965; Moore, 1969).

Detailed mapping from the seismic reflection data of this study show that the 

San Clemente fault system is a right-lateral, wrench fault system, as first proposed 

by Shepard and Emery, (1941). Abundant evidence supporting this conclusion was 

found by this study, and some of the more striking examples are discussed below. As 

seen In seismic profiles, sub-bottom reflectors and the seafloor Itself show variable 

offset along strike and within the same profile at depth. No overall, systematic sense 

of vertical offset or dlp-separatlon Is exhibited (figures 6-11 and 26). A major, slnis- 

tral bend occurs in association with many features that Indicate local north-south 

convergence, including folding and reverse faulting (upthrusts, see e.g., figure 62, 

chapter 7, this volume). A small, north-trending graben indicating east-west exten

sion Is also present (figure 63, chapter 7, this volume). Tectonic or drag(?) folds along 

the fault zone, where crossed by enough seismic profiles to determine their orienta

tion, trend approximately east-west, although they are subparallel to the main fault 

trace in the region of the major left bend. All these features demonstrate the dextral 

(oblique) strike-slip character of the fault zone.

In other areas, where the main fault trends more northerly (right bend), negative 

flower tree structure Is shown (figures 6,9 and 26) characteristic of divergent, right- 

lateral wrenching. Also, at right steps in the main fault trace, pull-apart basins are 

located, such as in parts of North and East San Clemente basins, (chapter 5, this 

volume).

Significant branch and secondary faults are present, and some are continuous 

for tens of kilometers. Most prominent are those near Fortymile Bank (Junger fault) 

and along the western edge of the Ensenada Trough. Both are delineated by
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Figure 26. Line drawings or sparker seismic profiles across the southern pare of the 

study area (see figure 4 for profile locations). Major fault zones are well exhibited by 

disrupted reflectors. San Isidro fault zone displays Inverted (negative) flower struc

ture typical of divergent wrench faults.
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prominent, linear scarps, reaching elevations of a few hundred to over 1000 meters. 

Such large scarps Imply that significant dlp-separatlon may be associated with these 

faults. Drag, possibly Indicative of normal (oblique?) slip Is apparent in the well- 

bedded reflectors of the Banda Fan, where they abut the fault along the southwest 

edge of the Ensenada Trough (figure 8).

The Santo Tomds fault (Krause, 1965; Moore, 1969) does not cut the sediments 

filling the Ensenada Trough and is either truncated and possibly offset or dies out 

before reaching the San Clemente - San Isidro fault zone. Therefore, It does not con

nect, and possibly never has connected with the southern branch of the Agua Blanca 

fault at Punta Santo Tomrfs. The present data are not adequate to identify con

clusively possible offset parts of the Santo Tomas fault along the eastern side of the 

San Isidro fault zone.

Nothwlthstandlng the somewhat sinuous nature of the main fault traces of the 

San Clemente - San Isidro fault zone, a general, systematic difference in average 

strike of the underlying wrench fault is exhibited by the data (plate 3, figure 25). As 

shown In figures 25 and 27, the average strike of the main fault traces In the southern 

(San Isidro fault) area are approximately N30'W . In the northern region (San 

Clemente fault), the main fault trend is about N40 ’ W. More westerly trending faults 

of the major left bend link the northern and southern parts of the fault zone. Close 

inspection of the fault character in the southern regions shows that main fault traces 

trending about N 30'W  are transtensile, with several subparallel traces and negative 

flower structure in seismic profiles (figures 6, 9 and 26). The traces trending about 

N40 ’ W are simple, single, linear traces and Interpreted as pure(?) strike-sllp faults. 

A few, short, transpresslve main fault segments, which trend more westerly than
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Figure 27. Histograms or fault strikes for the principal late Cenozolc faults of the 

San Clemente-San Isidro and San Diego Trough-Bahi'a Soledad fault zones. Data are 

plotted a t 5 * increments for the percentage of faults, based upon the length of each 

fault segment with a specified strike, proportional to the total length of faults of a 

given type. Only faults estimated to be Quaternary in age and defined by two or more 

seismic profiles are Included. The average strike of fault segments for each group is 

shown by the number at the base of the histograms. Also, the predicted azimuth of 

transforms in the Pacific-North American plate boundary for each region is shown by 

the dashed line (with the value at its base, after Minster and Jordan, 1978). Overall 

faults lengths for each region varied from 125 km to 282 km. Lengths for each type 

within a region varied from 9.5 km to 126 km, and main faults always had at least 48 

km total lengths. Resolution of fault segment lengths is as small as 0.5 km, although 

most segments were longer than 1 km.
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N 40'W  are present In the southern region (figure 8), but the divergent (transtenslle) 

segments are predominant.

Seismic data are not as plentiful along the San Clemente fault segment, but the 

available data, including the precision Sea Beam bathymetry (chapter 5, this volume) 

show a relatively narrow, (and simple?) main fault zone. Although negative flower 

structure typical of the transtenslle fault segments of the San Isidro fault are not 

apparent along the San Clemente fault, pull-apart(?) basins associated with right 

steps in the main fault trace are evident. A major right step occurs In the vicinity of 

Navy fan, north of the major left bend. Seismic profiles (figures 10 and 28) across 

the northernmost segment of this major right step show the principal, near vertical 

fault trace is along the northwest side of the basin, and a relatively shallow-dipping, 

normal fault Is along the southwest margin. The ponded turbldltes of Navy Fan (Nor- 

mark and others, 1979) lie within a narrow graben between these two fault traces. 

The strike of this graben, and the main trace of the San Clemente fault, Is slightly 

more north-trending, (N37*W) than the adjacent fault scarps to the north (strike 

N41’W). This pull-apart basin configuration, lying north of a major transpresslve, 

left bend of the main fault trace is very similar to the Ridge Basin (Crowell, 1954, 

1974,1975) between the San Gabriel and San Andreas faults (figure 29).

AGUA BLANCA FAULT SYSTEM

The eastern half of the Inner Borderland structure Is pervasively sheared by a 

complex set of northwest-trending fault zones. For the most part, the major fault 

zones of this region are subparallel to the continental slope, yet all of these major 

fault zones are linked at their southeastern ends by the Agua Blanca fault. Because
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Figure 28. Alrgun profiles (Line C-C') across East San Clemente Basin (Navy Basin) 

and part of North San Clemente Basin (see figure 4 for location of profiles). Line 

drawing interpretations show the principal faults of the San Clemente fault zone In 

this region. See figure 10 for additional Information and continuation of profile to 

the east. (Seismic profile courtesy of J. Mammerickx and P. Lonsdale).
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Figure 28. Alrgun profiles (Line C-C’, Continued).
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Figure 29. Map comparing portions of San Clemente and San Andreas fault systems 

at the same scale. Note the similar geometry of the East San Clemente and Ridge 

basins relative to the left-bending parts of the San Clemente-San Isidro and San 

Andreas-San Gabriel fault zones. Also, note the position of tectonic uplift, shown by 

wlggly lines along the San Clemente-San Isidro fault zone and by the San Gabriel 

mountains along the San Andreas-San Gabriel fault zone. Elevated regions of 

bedrock are shown by the tick patterns; basin sediments by stippling.
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the Agua Blanca fault crosses the Baja California peninsula along a trend 

significantly transverse to the regional structure and Peninsular Ranges physiogra

phy, details of the change in character and strike of the offshore faults as they con

nect with the transpeninsular fault provide Important and Interesting clues regarding 

the regional tectonics.

The offshore Agua Blanca fault system Is subdivided into three major wrench 

fault zones. The complexity of faulting implies significant Interaction and Intercon

nections between adjacent fault zones, so that Identification of the principal fault 

zones may be obscure in some parts of the area.

San Diego Trough-Bahia Soledad Fault Zone

The westernmost fault zone Is the San Pedro - San Diego Trough - Bahl'a 

Soledad fault zone which had previously been Inferred to connect with the Maximlnos 

fault zone south of Punta Banda (Legg and Ortega, 1978; Legg and Kennedy, 1979). 

This fault zone represents the westernmost major fault to  splay off Agua Blanca 

fault. The southern branch of the Agua Blanca fault does not extend Into the Ense

nada Trough and apparently dies out near the shelf edge (plate 3). Although apparent 

left-lateral slip is Implied by the offset of the shelf edge, (plates 1 and 3; 

Krause,1965) It is herein proposed that right oblique slip characterizes the south 

branch of the Agua Blanca fault. This conclusion Is based upon the following reasons: 

(1) offset of shoreline and formation of Bahi'a Soledad; (2) secondary structures 

including faults and folds just south of the main fault show orientations consistent 

with dextral shear on the main east-trending fault; (3) the axes of the offshore 

Soledad Ridge and Cabras Bank appear to be offset in a right lateral sense, assuming
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they were once continuous; (4) the Bahfa Soledad fault Is a dextral, oblique reverse- 

slip fault as described below; and (5) an earthquake, of somewhat Inexact location, In 

the vicinity of Punta Santo TomtCs had first motions consistent with dextral strike- 

slip on an east-trending fault (Legg, 1980). Allen and others (1960) give additional 

evidence implying dextral slip on the south branch of the Agua Blanca fault, and 

Acosta (1970) and Orme (1974) have evidence for significant dip-slip in this area. A 

seismic profile crossing this fault also shows significant dip-separation (figure 30). 

The present data, however, are inadequate to demonstrate the sense, or amount, of 

lateral shear on this fault conclusively.

The Bahfa Soledad fault zone splays off the southern branch of the Agua Blanca 

fault in the vicinity of Bahfa Soledad (plate 3) and veers northwestward for almost 50 

km to the base of the continental slope and the head of the Banda submarine fan. 

Where this fault and associated secondary faults cut the slope sediment, a consistent 

southwest-slde-up displacement Is observed (figures 7, 26 and 31). A small, drag(?) 

fold on the upthrown side implies that these are reverse, obilque-sllp faults. The 

vertical exaggeration of the seismic data preclude determination of dip, so these are 

presently Interpreted to be steeply dipping or vertical faults. The overall linearity of 

the fault trace is consistent with this interpretation for the Bahfa Soledad fault, and 

its convergent character identifies it as a right-lateral, oblique, reverse-siip fault. 

The vertical offset exhibited in the sediments is small, however, the strlke-sllp may 

be significantly greater. Except for complex folding and a few minor faults south of 

Punta Banda, the slope sediments in the vicinity of the Bahfa Soledad fault zone are 

relatively undeformed. This character implies that the Bahfa Soledad wrench fault is 

only slightly convergent, and dominated by strlke-sllp. Clay cake models of conver-
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Figure 30. Line drawing of sparker seismic profile (Line B-l) crossing the shelf and 

slope region west of Punta Santo Tomds and Punta Banda (see figure 4 for profile 

location). Prominent magnetic anomaly and seafloor displacement are associated 

with the major south branch of the Agua Blanca fault, south of the Soledad Sea Val

ley. Geomagnetic anomaly (based upon total field intensity) data points are shown by 

the dots, and a smooth curve has been hand drawn through these points to emphasize 

their trend.
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Figure 31. Hlgh-resolution (3.5 kHz) profile across the Bahi'a Soledad fault zone near 

Soledad Sea Valley (see figure 4 for profile location). Near surface sediments, and 

possibly the seafloor, are disrupted demonstrating that late Quaternary, possibly 

Holocene, fault movements have occurred.
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gent, and simple, parallel wrench faults show early development of an echelon anti

clines over the sediment covered fault, (Wilcox and others, 1973, Junger, 1976). The 

relatively long and continuous, linear main trace of the Bahfa Soledad fault Is charac

teristic of a well-developed wrench fault, but the absence of significant folds and 

secondary structures seems anomalous. Perhaps such secondary structures are 

present, but too small to be delineated with the available data.

At the base of the continental slope, the Bahfa Soledad fault zone turns more 

northerly, subparallel to the slope, and merges with the San Diego Trough fault zone. 

The geolog}' and structure are complex in this area which marks a major salient into 

the steeper continental slope marked by the Coronado and related escarpments. The 

main fault trace is difficult to define in this region, and in fact, the fault zone may be 

characterized by several, short, discontinuous, en echelon and subparallel fault seg

ments. A significant, northwest-trending normal(?) fault, delineated by the base of 

the Soledad Ridge escarpment, intersects the Bahfa Soledad fault from the south.

From the head of the Salslpuedes submarine fan to the northern edge of this 

study area, the San Diego Trough fault zone is conspicuous in seismic profiles. The 

main fault marks the contact between the Quaternary sediments of the Descanso 

Plain and the uplifted acoustic basement rocks of a prominent westward protruding 

block along the southwestern end of the Descanso Ridge. A second major fault trace 

cuts through the saddle between the block and the ridge and is Inferred to link the 

San Diego Trough fault with other significant faults in the offshore Agua Blanca fault 

zone, such as the Maximlnos fault zone. Farther north, the San Diego Trough fault is 

delineated by seafioor scarps facing alternate directions along strike. Sinuosity in 

the main fault trace results In local areas of transpression, marked by folding and
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reverse faulting along left bends (figure 5), and transtension, marked by the typical 

negative flower structure along right bends.

The fault zone becomes somewhat more complex in the vicinity of the Coronado 

submarine fan where an uplifted block of acoustic basement was Inferred to affect 

the growth of the fan (Moore, 1969; Shepard and Dill, 1966). Transpression is locally 

exhibited along the San Diego Trough fault in this area (Smith and Normark, 1976). 

This Is apparent from the folding in the sediments adjacent to the fault, (figure 10).

The overall trend of the San Diego Trough fault zone is about N30' W (figure 

27). The fault zone is relatively straight, and continuous for over 100 km in the area 

of this study. The fault zone Is considered herein to be underlain by a through-going, 

parallel wrench fault. The narrowness and overall continuity of the fault zone, and 

the presence of only short local transpresslve or transtenslle segments along strike in 

roughly equal proportions, support this Interpretation.

The fact that the fault zone is closely parallel to the axis of the San Diego 

Trough and its bounding escarpments (along Thlrtymile and Coronado banks) implies 

that the fault zone is directly related to the formation of the structural trough. This 

trough formation, however, is considered to have resulted from an earlier tectonic 

regime of slightly different stress orientation when the San Diego Trough fault zone 

had a more divergent character. The lack of the characteristic negative flower struc

ture, typical of divergent wrenching, except locally along the San Diego Trough fault, 

shows it is a parallel rather than divergent wrench fault at the present. Also, fault 

drag is not evident in the younger sediments of the San Diego Trough along its flank

ing escarpments. Instead, these sediments appear to buttress against the Coronado 

and Thlrtymile Bank escarpments (Kennedy and others, 1980; Greene and others,
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1979; Moore, 1969) indicating lack of tectonic deepening of this basin for the present 

tectonic regime.

Eaitern Fault Zonei of the Agua Blanca Syitem

The easternmost offshore fault zones in the area of this study Include the Palos 

Verdes Hills - Coronado Bank - Agua Blanca and the Newport - Inglewood - Rose 

Canyon (Vallecitos-San Miguel?) fault zones. The Newport - Inglewood and Rose 

Canyon fault zones are described in more detail by others (Harding, 1973; Yeats, 

1973; Moore, 1972; Moore and Kennedy, 1975; Kennedy and others, 1980a,b; Kennedy 

and Welday, 1980). These are considered right-lateral wrench fault zones and are 

characterized by relatively short (10 km), discontinuous, en echelon and subparallel 

fault traces. Harding (1973) describes the en echelon folds associated with the 

Newport-Inglewood fault zone, and Kennedy and others, (1980a,b) describe the forma

tion of alternating structural highs and lows associated with gentle S-shaped bends 

along the Rose Canyon fault zone.

In the southern part of this study area, several major splays of the Agua Blanca 

fault have been mapped branching toward the northwest, off the major transpenlnsu- 

lar segment (Gastll and others, 1975; Allen and others, 1960; CETENAL, 1974-1979). 

The prominent northern branch (Allen and others, 1960) has been considered the 

principal, active trace of the Agua Blanca fault (Legg and Kennedy, 1979). However, 

as seen in plate 3 and figure 25, two other significant faults, the Maximlnos and the 

Estero faults are also prominent. Gonzalez and Suarez (1984) decrlbed an earthquake 

swarm which was apparently associated with the Estero fault. The Maximlnos fault 

appears to trend northwestward, along the southeast side of Punta Banda and not
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directly into the Bahi'a Soledad - San Diego Trough fault zone as previously inferred 

by Legg and Kennedy (1979). It is Inferred herein to  step leftward near the Islas 

Todos Santos and pass through the Todos Santos Sea Valley. The region between the 

Maximlnos and Bahi'a Soledad faults Is structurally complex, and the interpretation 

shown in plate 3 may differ significantly from reality. A set of prominent 

southwest(?)-trending folds is evident along the southwest side of Punta Banda (figure 

30).

The northern branch of the Agua Blanca fault is marked by the steeply dipping 

contact between the uplifted Punta Banda basement rock ridge and the sediments of 

Valid Mandadero which extends northwestward into the southern part of Bahi'a Todos 

Santos (figure 7). This fault makes a sharp bend toward the north, and passes the 

east side of Islas Todos Santos, along a steep, submarine escarpment. Farther north, 

acoustic basement rock outcrops mark its trace in the northwest part of Bahi'a Todos 

Santos. Gastil and others, 1975 considered the Valid Mandadero to be a half-graben, 

bounded by the Agua Blanca fault along Punta Banda.

The Estero branch of the Agua Blanca fault named herein trends northwesterly 

offshore from the northern end of Estero Banda. The onshore trace of the fault, if it 

exists, has not been mapped to date, however, a large scarp cutting across the north

ern edge of Valid Mandadero may be related to this fault. Armiego and Suarez (1981) 

also proposed the existence of this branch of the Agua Blanca fault based upon aerial 

photographs.

The Estero fault is evident in high-resolution seismic profiles within Bahi'a 

Todos Santos as a region of folded and truncated near-surface sub-bottom reflectors 

(figure 32). In the shallow water of the bay, multiple bottom reflectors disrupt the
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Figure 32. Line drawings of sparker seismic profiles in Bahi'a Todos Santos showing 

the Estero fault zone (see figure 4 for profile locations).
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sub-bottom returns and make Interpretation difficult. Further evidence for the 

existence of this fault, however Is provided by the magnetic data of Gonzalez (1977). 

As seen in figure 33, a  pronounced steep gradient In the magnetic anomalies Is aligned 

over the fault trace as mapped from the seismic data of this study. Gonzalez origi

nally Interpreted the major structure within the bay to be a northeast-trending nor

mal fault, with uplifted acoustic basement on the northern side of Bahfa Todos San

tos (see e.g. Legg and Kennedy, 1979). Such a fault Is present, but in fact trends 

more east-west, lying between the two principal branches of the Agua Blanca fault 

within the bay. This presumably older fault is truncated by the more recently active 

northwest-trending traces of the Agua Blanca fault. The geology of Bahi'a Todos San

tos is considerably more complex than previously suspected, and the configuration of 

uplifted basement blocks and their bounding faults deserve detailed future investiga

tion. Such studies may provide Important data regarding offsets along the major, 

active traces of the Agua Blanca fault in the offshore area.

The complexity of the offshore continuation of the Agua Blanca fault zone con

tinues northwestward, as far as Bahi'a Descanso. Structual Interpretation of seismic 

profiles Is made more difficult In this area, because of complex bathymetry due to the 

numerous blocks of acoustic basement rock which protrude above the surrounding 

gullied slopes and major submarine canyons (plates 1 and 3). Many of these blocks 

may represent silvers of basement rocks caught between the many anastomosing, en 

echelon and subparallel fault strands cutting through the area. In some areas, prom

inent traces of the through-going major branches of the Agua Blanca fault zone can 

be followed for several kilometers using the seismic profiles. Detailed seafioor topo

graphic mapping using Sea Beam or side-scan sonar systems would provide data to
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Figure 33a. Magnetic anomaly data of Gonzales (1977) delineate the major faults 

within Bahi'a Todos Santos. Principal fault traces as mapped in this study using 

seismic reflection data have been superimposed onto Gonzalez' original anomaly con

tour maps.
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Figure 33b. Gravity anomaly data of Gonzalez (1977). Same comments apply as In 

the preceding figure.
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better map the fault traces In this area.

Right slip for major faults of the offshore continuation of the Agua Blanca fault 

zone is inferred for this region based upon offset of the Banda Submarine Canyon 

(Maximinos branch), and a composite focal mechanism of earthquakes in Bahl'a 

Todos Santos reported by Gonzalez and Suarez (1981) for the Estero branch. Allen 

and others (1960) describe right-lateral offsets in stream channels along the north 

side of Punta Banda where the northern branch of the Agua Blanca fault passes. In 

the area offshore Punta Salsipuedes, southwest side up fault traces, which offset the 

seafloor locally (figure 9), are inferred to demonstrate right-lateral, oblique reverse- 

slip. Minor folds with axes lying subparallel to  the fault traces in this area, support 

this interpretation.

From Bahi'a Descanso to the international border, the Coronado Bank - Agua 

Blanca fault zone may be somewhat less complex. The more easily Identifiable fault 

traces of the Coronado Bank fault zone are characterized by two or more subparallel 

faults lying near the axis of the sediment filled basin between the Coronado Bank- 

Descanso Ridge and the coastline. These fault traces show evidence of divergent 

wrenching, such as negative flower structures In seismic profiles crossing the area 

(figure 5). At depth, this fault zone may juxtapose two different basement rock types, 

but the acoustic basement lithology at depth is unknown in this area. Other branches 

of the Coronado Bank fault zone lie along the eastern edge of the acoustic basement 

high which forms the Descanso Ridge and shelf. The easternmost zone of faulting, 

Descanso fault zone, possibly a continuation of the Estero fault zone, lies along the 

continental slope directly west of the mainland. This fault zone is interpreted to be 

composed of left-stepping, en echelon faults, with a few significant branches trending



148

northeasterly toward the coast. North or Punta Descanso, this fault zone is not accu

rately traced due to lack of good quality seismic data in the shallow, nearshore area. 

Magnetic data of Krause (1965) delineate the continuation of a nearshore fault zone, 

as well as the Coronado Bank fault zone all the way to Point Loma (figure 34).

The general character of the Coronado Bank fault zone within Bahi'a Descanso 

is that of a wrench fault. Again, the negative flower structure (chevron-shaped dila- 

tional synclines) observed in the seismic profiles indicate divergent wrenching, 

(figures 5 and 6). These faults generally do not displace the seafloor surface in this 

region. Other profiles show minor folding between the two principal fault traces 

(figure 35, line B-15) and changes in character of the apparent fault drag along strike. 

Line spacing between good quality seismic profiles, however, are Inadequate to allow 

detailed mapping of the fault zone in this area as was accomplished for the San 

Clemente -  San Isidro fault zone, discussed above, or the Coronado Bank fault zone 

offshore San Diego (Kennedy and others, 1980). The region around Islas Los Corona

dos unfortunately has few good data, and so the interpretations are rather uncertain 

there.

North of the International border and offshore San Diego, the faulting has been 

described in detail elsewhere (Kennedy and others, 1980a,b; Kennedy and Welday, 

1980), but a brief summary of the structure in this region is presented here. "The 

Coronado Bank fault zone,..., is characterized by a series of both left- and right- 

stepping en echelon, mostly northwest-trending, subparallel faults" (Kennedy and oth

ers, 1980b). Seafloor relief is present along much of its length In this area, and most 

of the faults extend to within a  few meters of the seafloor. The Coronado Bank fault 

zone offshore from San Diego can be divided into two parts, one lying adjacent to the
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Figure 34. Magnetic anomaly profiles or Krause (1965) delineate the major nearshore 

fault zones of the Agua Blanca fault system.
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Figure 35. Line drawings of sparker seismic profiles showing transpresslon along the 

San Clemente-San Isidro fault zone and transtension(?) along the Coronado Bank- 

Agua Blanca fault zone. (See figure 4 for profile locations). Several seismic 

sequences may be delineated in the basin sediments, but absolute ages of these units 

have not been determined.



152

DESCANSO PLAIN

EAST SAN 
CLEMENTE
BASIN.̂ ?

SE
CO

ND
S



153

eastern flank of Coronado Bank, the second along the eastern side of Loma Sea Val

ley. The eastern fault zone Is marked by two discrete faults, spaced about 500 m 

apart, similar to the fault zone within parts of Bahl'a Descanso.

The Bose Canyon fault zone is also characterized by left- and right-stepping en 

echelon faults, and has been divided Into four sub-zones (Kennedy and others, 1980a). 

The westernmost lies mostly within older acoustic basement rocks and consists of 

relatively short, discontinuous segments. The La Jolla graben, through which the La 

Jolla submarine canyon passes, is formed by one central subzone of faulting. This 

zone also consists of short, discontinuous segments which displace surfical sediments 

and the seafloor in places. The nearshore subzone lies east of La Jolla submarine 

canyon and trends northwesterly from the coast, consisting of "discontinuous, sub

parallel, en echelon breaks similar to those observed onshore In the Rose Canyon 

fault zone" (Kennedy and others, 1980a). The fourth subzone of short, generally 

northeast-trending faults, although prominent onshore Is not evident in offshore 

seismic profiles. Gentle S-shaped curvature of the main faults through the San Diego 

area, associated with alternating tectonic highs and lows, is proposed to indicate 

alternating zones of convergence and extension in a predominately right-lateral, 

wrench fault zone (Kennedy and others, 1980a).

Lastly, a prominent, northwest-trending fault lying a few kilometers southwest 

of Point Loma may represent an extension of the Descanso-Estero fault zone from 

offshore Punta Descanso. This fault apparently ends west of the tip of Point Loma, 

but an anticline extends northwestward along this same trend for a few kilometers. 

This fault may be related to the Rose Canyon fault zone but its significance is little 

understood at present. The numerous faults to the east, in the San Diego Bay and
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offshore bight, may be a result of a major right step in the Rose Canyon fault zone. 

The San Diego Bay and offshore bight could be a large pull-apart basin associated 

with this rlght-step, appropriate for dextral wrench faulting.

The southward continuation of this prominent offshore fault zone cannot be 

accurately mapped with the present data, although magnetic profiles (figure 34, 

Krause, 1965) imply such continuation. The complexity of the faulting in this area is 

further demonstrated by the prominent north and northeast-trending faulting shown 

by Gastil and others (1975) onshore south of Tijuana. This complexity may be 

related to the convergence of the offshore Descanso-Estero Fault Zone with the 

onshore Rose Canyon and Vallecltos -  San Miguel fault zones. The northeast trending 

graben is consistent with antithetic faulting In a right-lateral wrench fault zone.

RECENCY OF FAULTING

Without substantial bottom sampling or drilling In the offshore region of this 

study, age of the faulted sediments and rocks can only be estimated using the acous

tic character evident in the reflection profiles. The author (chapter 3, this volume) 

discusses the seismic stratigraphy devised for this area in some detail. A brief 

explanation of this stratigraphy and the symbols used to display the inferred age of 

faulting or folding is presented In this section.

As seen In plate 3, five different selsmic-stratigraphic ages for faulting are 

defined for this study. The youngest age of the faulting is determined based upon the 

youngest stratlgraphic unit for which offset is observed in the seismic profiles. In 

areas where the seafloor is offset (symbol shown on bar on relatively down-dropped 

side of fault), the minimum age of faulting may be considerably younger than the
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offset strata, especially where older, acoustic basement is exposed.

Faults which offset the seafloor, or reach within a  few meters of the seafloor (as 

observed on 3.5 kHz records) in basin sediments, are inferred to be Holocene in age. 

Emery and Bray (1962), Emery (1960), and Dunbar (1981) found that the Holocene - 

Pleistocene boundary was approximately three meters deep in the sediments of San 

Clemente Basin, San Diego Trough and Santa Catalina Basin. In areas of the most 

recent turbidlte deposition from active submarine fans, there may be a significantly 

greater thickness of Holocene deposits. On the slopes and shelves, a thin layer of 

acoustically transparent material (observed on the 3.5 kHz records) is also inferred to 

be Holocene in age, as suggested by Kennedy and others (1980a,b) and Moore (1972).

The author (chapter 3, this volume) describes prominent acoustic horizons 

within the basin sediments of the area, and using sedimentation rates derived from 

isotopically dated samples from piston cores within the area, computes a late Pleisto

cene age (<700 ky.B.P.) for these horizons. Two of these horizons are evident In 

figures 8 and 11. Faults which offset stra ta  above these horizons, but do not reach 

the seafloor are labelled late Quaternary as shown by the symbol in plate 3. Also, 

faults which are delineated by steep, seafloor escarpments that Juxtapose older 

acoustic basement against basin sediments of late Quaternary age are inferred to be 

late Quaternary If evidence of fault drag in the young sediments abutting the fault is 

apparent (figure 8). If such evidence is absent, the fault is labelled late Tertiary - 

Quaternary, undifferentiated (e.g. Thirtymile Bank fault, figure 10). Near surface 

sediments along the more gentle slopes, slope aprons and the small fan in Bahi'a Des

canso are also inferred to be late Quaternary in age.
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Faults which do not cut these prominent late Quaternary horizons within the 

basin sediments, or do not reach Within a few tens of meters of the seafloor in the 

sub-horizontal, well-bedded strata  of the more gentle slopes, slope aprons, and 

nearshore embayments are labelled as Pleistocene faults. These faults extend above 

the acoustic basement into the overlying well-bedded strata, however.

In areas presently removed from direct turbidlte influx, via submarine 

canyon/fan systems of the continental slope, late Tertiary-Quaternary 

undifferentiated age is assigned. Such deposits Include the older(?), gently folded and 

tilted strata  west of the San Isidro Ridge, slope deposits along the flanks of Thirtym

ile, Fortymile, Navy and Boundary banks and other, ‘outer basin’ sediments. Deepest 

strata, well-bedded but not acoustic basement within the major nearshore basins (San 

Diego Trough, Descanso Plain, and Ensenada Trough), are also considered late 

Tertiary-Quaternary undifferentiated in age. Flat lying, well bedded, presumably 

poorly consolidated (?) sediments ponded between the offshore ridges and the coast 

including the Coronado shelf and Bahl'a Todos Santos, are likewise, inferred to be 

late Tertiary-Quaternary in age.

Acoustic basement rocks are considered to be Tertiary or older. Outcrops of 

acoustic basement rock sampled in the area include Miocene sedimentary, volcanic- 

iastic and igneous rocks (San Onofre Breccia, San Clemente Island volcanic rocks, 

Vedder and others, 1974); Mesozoic metamorphlc rocks, (Catalina Schist), late Creta

ceous sedimentary and volcanic rocks of the Rosario group, (Kennedy, 1975; Gastil 

and others, 1975), and Eocene rocks of La Jolla and Poway Groups (Kennedy, 1975). 

Pliocene rocks in the area are known from outcrops in the San Diego area (San Diego 

Group, Kennedy, 1975) but are not delineated in the offshore area for this study.
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Other prominent acoustic horizons recognized In the offshore area may correlate with 

Pllo-Plelstocene unconformities or dlsconformltles, but the present data are inade

quate to define such stratigraphlc markers properly.

Finally, a simple, but crude, distinction between older and younger folds was 

made for this study. Younger folds, symbolized by the arrows, are In the well-bedded 

stra ta  of the basins, slope aprons and some 'ponded' shelf sediments, such as Bahl'a 

Descanso. Older folds lie in acoustic basement units or the older, deeper sedimentary' 

deposits of the nearshore shelf, as in offshore Tijuana. Significant overlap in ages of 

some of these folds may be present, but as a first approximation the distinction is 

believed valid for this study. Also, most(?) of the folds in acoustic basement rocks 

are much tighter than those of the young sediments, and with the vertical exaggera

tion present in the seismic data used for this study, many of these could not be accu

rately mapped on plate 3. In addition, deeper structure, below the penetration of the 

seismic profiles used for this study (>1-2 seconds) could not be Identified.

SUMMARY

Faults in the Inner Continental Borderland are divided into two major subsys

tems of the Pacific - North American tectonic plate boundary' and the San Andreas 

fault system. The San Clemente fault system (Santa Cruz - San Clemente - San Isi

dro fault zones) in many ways resembles the larger San Andreas fault zone (figure 29 

and 65, chapter 7, this volume). A major left bend, Is associated with a transversely 

oriented folded and uplifted region analogous to the Transverse Ranges of perhaps an 

earlier era. Directly north of this bend is an elevated basement ridge, which may 

correspond to the Sierra Nevada. A major right step a t the northern end of the fault
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which curves through the bend has formed a  pull-apart basin, analogous to Ridge 

Basin of Miocene age. South of the bend, the more northerly-trending San Isidro 

fault zone exhibits extensile character, similar to faulting within the Salton Trough. 

Although significant differences exist between the San Andreas and San Clemente 

fault zones, the similarities are striking enough to hint at common origins. More 

detailed study of the character and evolution of the San Clemente fault system may 

lead to significant insights regarding the tectonic evolution of the San Andreas fault 

system, and vice versa. Significant differences in the fault zones may be related to 

the different scales involved, different basement Uthology and rheology, or different 

lithospheric/crustal dynamics.

The Agua Blanca fault system is significantly more complex that the San 

Clemente fault system. Three major wrench fault zones can be delineated in the 

Inner Borderland segments of the Agua Blanca fault system. Each of these major 

faults merges into the transpeninsular, Agua Blanca fault. This situation is analogous 

to the Alpine fault system in New Zealand which splays Into the several Marlborough 

faults (figure 36; Freund, 1974). The transition from the more westerly-trending Baja 

California, Peninsular Ranges faults to the more northerly-trending, Borderland 

faults occurs within a relatively short distance (10-20 km). This transition region 

marks the structural and physiographic boundary between the Peninsular Ranges and 

the California Continental Borderland and may locate a  significant basement boun

dary as suggested for the Newport - Inglewood fault zone (Barrows, 1974). Data of 

this study are inadequate to describe the basement lithology across the offshore 

region, however.



159

Figure 36. Map comparing the Alpine-Marlborough fault system to the Agua Blanca 

fault system. Note the different scales used In order to emphasize the similarities In 

the mapped fault patterns. Also, New Zealand has been reoriented so that the faults 

of the two fault systems appear sub-parallel on the figure.
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Although most of the individual fault traces are relatively short and discontinu

ous within the Agua Blanca fault system, several significant exceptions are apparent. 

The San Diego Trough and Bahl'a Soledad faults both are shown to be straight and 

continuous for lengths of several tens of kilometers (plate 3). Likewise, the Agua 

Blanca fault from Punta Banda eastward across Baja California is relatively straight 

and continuous. The complexity of both structure and bathymetry throughout much 

of the offshore parts of the Agua Blanca fault system makes accurate delineation of 

the many fault traces more difficult In this area.

Finally, the offshore, Santo TomtCs fault (Krause, 1965; Moore, 1969) does not 

connect with the south branch of the Agua Blanca fault but is truncated by the San 

Isidro fault zone. The overall tectonic significance and detailed character of this 

Important Borderland fault remain to be determined.

CONCLUSIONS

Several Important conclusions regarding the structural style and recency of 

faulting within the Inner Borderland can be made based upon the data discussed in 

the preceding sections. In general, the structural style of the region is that or dex- 

tral, parallel, wrench faulting, although locally, regions of convergent or divergent 

wrenching are present. The overall trend of the principal fault traces and presum

ably the underlying ‘m aster’ wrench faults in the Inner Borderland (N 30 '-40 ’W) are 

distinct from those of the Peninsular Ranges. On this basis, I conclude that the Inner 

Borderland is a distinct structural and physiographic province. The systematic asso

ciation of dilatlonal structure where principal fault traces step or bend to the right, 

and convergent structure at left bends or steps, conclusively demonstrate the right
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slip nature of these faults. Additionally, d extra] offset of submarine fan facies, sub

marine canyon channels, and other topographic features is apparent in some places.

Age of faulting as determined in this study, varies from Mesozoic (?) to modern. 

Most of the faults observed within the basins are late Cenozoic In age, and 

differentiation based upon a simple seismic stratigraphy divides these into four age 

groups. A fifth group includes older(?) faults in acoustic basement rocks. Principal 

fault traces of each of the major wrench fault zones show evidence of late Quaternary 

(<700 ka) to Holocene movement (Including seafloor offsets). Several of the branch 

and secondary faults associated with these zones are Inferred to be older, because 

they are apparently burled by the younger basin sediments. Major faults along the 

basin margins, which juxtapose acoustic basement rocks against Quaternary sedi

ments, in some areas show evidence of Quaternary movement, (such as drag folds In 

the Quaternary deposits, whereas others are inferred to be older because the younger 

deposits appear to be undisturbed in seismic profiles). Age of faulting in areas of 

acoustic basement outcrops cannot be determined precisely, but continuation of some 

of these fault traces into younger basin sediments Implies late Cenozoic to Quater

nary movement.
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CHAPTER 5

SEA BEAM SURVEY OF AN ACTIVE STRHCE-SUP FAULT 

INTRODUCTION

Seafloor topographic mapping was one of the first methods used to Identify 

major structural features covered by the oceans. Recognition of the Mid-Atlantic 

Ridge and other mid-ocean ridges helped investigators to formulate the basic Ideas of 

continental drift and seafloor spreading. Offshore of southern California, Shepard 

and Emery (1941) used bathymetric maps to Infer that the ridge and basin topography 

Is structurally controlled. Major northwest-trending faults, similar to those observed 

on land nearby, were concluded to be delineated by long, linear, steep, escarpments 

which bound the major offshore ridge and island blocks. For example, the San 

Clemente fault is delineated by the prominent escarpment along the eastern flank or 

San Clemente Island (figure 37).

More recent oceanographic studies have used seismic reflection profiles to map 

offshore geologic structure, identifying faults by the offset of acoustic reflectors (e.g., 

Moore, 1969; Rldlon, 1969; Vedder and others, 1974). The seismic reflection method 

is well-suited to map sub-bottom structure in areas of low relief and gentle slopes 

(< 1 5 ') . In rugged areas, however, because of the relatively wide beam width of these 

acoustic systems, sub-bottom features, and in many instances, the bottom reflection 

Itself (directly beneath the ship) are not recorded, or are masked by acoustic 

reflections from adjacent topography.



164

Figure 37. Portion of National Ocean Survey bathymetric contour map showing 

North San Clemente Basin and surrounding regions. Rectangle outlines region of 

detailed Sea Beam bathymetric survey. Note differences between shapes of prom

inent seafloor features mapped from the conventional echo sounding data (NOS 

charts, this figure) and the detailed Sea Beam, multi- narrow-beam, echo sounding 

data (figure 38, plate 4). Parts of NOS (1974) charts 1206N-15 and -16 are shown.
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Figure 38. Sea Beam bathymetric map of the San Clemente fault zone In the vicinity 

of Fortymile Bank and North San Clemente Basin. Areas of closely spaced contours 

(20 m contour Interval) identify Sea Beam swath coverage. Contours shown by 

dashed lines are extrapolated beyond the areas of Sea Beam coverage. Tick marks 

point in the downslope direction. Some contours have been deleted in areas of very 

steep slopes to improve map legibility (see plate 4 for complete contour map of 

region).
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Figure 39. Location map or seismic profiles and other detailed figures shown in this 

study. Figure numbers are identified for location of each figure with respect to the 

regional bathymetry. Names given to prominent bathymetric features are also shown.
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Marine geologists use detailed maps of the bathymetry to Infer fault connections 

between seismic profiles. In areas of abundant sounding data, bathymetric contours 

delineate many features of possible tectonic origin. Structural geologists in land- 

based studies have recognized many geomorphlc features which are characteristic of 

recently-active faulting. These features recognized from aerial and satellite photo

graphs, RADAR and other remote sensing imagery, and reconnaissance field work 

have been used for many years to map the recently-active traces of major faults. 

Unfortunately, the limitations of conventional echo-sounding methods, such as the 

broad beam width of the sounding system, poor navigation, and lack of numerous 

closely-spaced soundings precluded recognition of all but the largest of such 

geomorphlc features in the submarine environment. Detailed high-resolution, pre

cisely navigated, near bottom studies Including Deep Tow have provided detail neces

sary to map seafloor features accurately on a scale more appropriate for 

identification of tectonic landforms (figure 40; cf. Normark and others, 1979). More 

recently, a multibeam, narrow-beam, echo-sounding system, Sea Beam has become 

available to oceanographers, allowing accurate and more precise mapping of seafloor 

topography over large areas. Several short, test cruises using the recently opera

tional Sea Beam aboard the Scripps Institution of Oceanography R/V Thomas Wash

ington were conducted In the California Continental Borderland offshore San Diego. 

This paper describes the detailed investigation, using Sea Beam, of a 50 km length of 

the San Clemente fault zone in a region of rugged topography (figures 37 and 38). 

Additional marine geophysical data, including high-resolution seismic reflection 

profiles and near bottom (Deep Tow) data were used to assist in the interpretations of 

the seafloor structure.
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Figure 40. Graph showing relative size of tectonic geomorphic features and the lim

its of resolution of various marine survey techniques (modified from Normark and 

others, 1979).
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BACKGROUND -  Regional Geology and Tectonic Framework

The late Cenozolc tectonic history or the southern California region has been 

dominated by Interaction between the Pacific and North American tectonic plates 

(Atwater, 1970). The San Andreas fault system (Crowell, 1962) consists of several 

major, northwest-trending, dextral wrench fault zones, and forms the broad, con

tinental transform fault boundary between the Pacific and North American plates. 

This broad transform fault boundary is Inferred to extend offshore and Include major 

northwest-trending faults such as the San Clemente fault (Legg and Kennedy, 1979). 

Although some have proposed that Miocene east-west extension and block faulting 

account for Borderland structure and physiography (Yeats, 1976), right-lateral 

wrenching along major northwest-trending shear zones has been recognized for many 

late Cenozolc structures within the Borderland (Crouch, 1981; Junger, 1976; Legg and 

Kennedy, 1979; Greene and others, 1979; chapter 4, this volume).

Relative displacements of once continuous features across major Borderland 

fault zones have not been accurately determined to date, although many hypotheses of 

significant lateral slip have been proposed. Most proponents of large lateral displace

ments maintain these occurred during Miocene time (Howell and others, 1974; Howell, 

1976; Yeats, 1976; Kies and Abbott, 1983; Crouch, 1979) citing offset of geologic 

markers such as the Eocene conglomeratic suite found in the San Diego area and 

offshore on the northern Channel Islands.

Estimates of late Cenozolc, that is, post Miocene, displacement on Borderland 

faults have generally been small (Junger, 1976; Junger and Vedder, 1980 personal com

munication). Some have postulated that a significant proportion (20% - 33%) of the 

overall relative plate motion is taken up on offshore faults (Anderson, 1979; Weldon
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and Sleh (1985). Shepard and Emery (1941) first proposed 40 km (25 miles) or right- 

slip along the San Clemente fault by restoring Fortymile Bank to a position adjacent 

to San Clemente Island. Kennedy and others (1980) postulated 2.5 km of rlght-sllp on 

the offshore Rose Canyon fault zone, realigning the axes of the La Jolla and Scrlpps 

submarine canyons. Legg and Kennedy (1979) and the author (chapter 7, this volume) 

have proposed dextral offsets of a few kilometers for other submarine canyons which 

cross the major fault zones of the Inner Continental Borderland.

Recognition of characteristic linear geomorphlc features such as channels, 

which are offset across active submarine fault zones, may provide additional Indica

tors of lateral slip in the Borderland. Truncated end points of linear features offset 

by lateral slip on faults provide true ‘piercing points' from which the amount and 

sense of strlke-sllp can be accurately(?) determined. Age determinations of the offset 

features then allows estimation of the slip rate on the faults in question. Sleh (1978, 

1984), Sleh and Jahns (1984) and Weldon and Sleh (1985) have had much success in 

mapping offset geomorphlc features across the San Andreas fault in southern Cali

fornia, and estimating the late Quaternary slip for this major subaeriai fault zone. 

Accurate, detailed bathymetric maps of submarine fault zones may provide informa

tion to identify similar geomorphlc features offset across submarine fault zones.

METHODS -  Narrow Beam Echo Sounding

Resolution of small scale seafloor features (‘mesotopography’ as defined by Nor- 

mark and others, 1979) has been accomplished in past studies through the use of 

expensive near-bottom surveys over small areas, or with the few narrow-beam echo 

sounders then available (figure 40). More recently, side-scan SONAR, towed at rela
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tively shallow depths has been useful in mapping seafloor morphology over large areas 

(e.g. GLORIA, Searle, 1976; Field and others, 1984; Sea MARC, Batlza and others, 

1984). Sea Beam has recently proven very useful in compiling detailed bathymetric 

maps allowing identification of geomorphlc features associated with many seafloor 

processes (Renard and Ailenou, 1979; Macdonald and others, 1984; Mammerlckx, 

1984; Batlza and others, 1984). With Its narrow beam width, the Sea Beam system is 

very useful in detailed mapping of rugged seafloor topography, and many Interesting 

features, including offset spreading centers, submarine canyons and channels, 

seamount craters and calderas, and submarine landslides have been observed.

Sea Beam Acoustics*

Sea Beam generates, In near real time, contour maps of the seafloor while the 

ship is underway, using a multibeam, narrow beam echo-sounder (12 kHz) and an echo 

processor. The Sea Beam transmit/receive beam geometry Is shown in figure 41. 

The transmitted beam pattern spans 54 * athwartships by 2 2/3* in the fore-and-aft 

direction. The transmitted beam pattern spans 54 ’ athwartships by 2 2/3 * in the 

fore-and-aft direction. This beam Is pitch stabilized to within 10* of vertical projec

tion. Beam forming by the Sea Beam system results in a receiving beam pattern 

approximated by 16 adjacent rectangles, 2 2/3* by 20*. The resulting acoustic 

energy received at the ship comes from the Intersection of the transmit and receive 

beam patterns as shown in figure 41.

Resolution of seafloor topography is related to the area insonlfled by each beam 

‘footprint’ and is a function of the overall water depth beneath the ship. For 1000 m

* A more detailed description of the Sea Beam system is given by Renard and Ailenou (1979).
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Figure 41. Sea Beam transmit/receive beam geometry. Transmit beam pattern is 

narrow (2 2/3 ’ ) in the fore-and-aft direction, and sixteen long, narrow receive beam 

patterns are formed by the echo processor receiver array.
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or water depth, a Footprint approximately 50 m square Is covered by each beam. 

Renard and Ailenou (1979) found a mean accuracy for all beams of about 10-15 m for 

the recorded depth. The center beam Is monitored on an analog recorder (Universal 

Graphic Recorder), and the accuracy of the monitor beam depth Is within 2-3 m.

Navigation

Because the swath width covered by each Sea Beam ‘ping cycle' is depth depen

dent (up to 80% of the overall depth), accurate navigation of the ship becomes 

extremely important In relatively shallow areas so that slight overlap of swaths Is 

achieved for correlation of adjacent swaths. For depths of from 1 to 2 km, as in this 

study, line spacing of about 1 km Is desireable.

Several different Sea Beam test cruises collected the data used in this study; 

consequently, different navigational systems were used, and accuracies varied accord

ingly. A large part of the area was surveyed using LORAN-C radionavigation with 

fixes every 21 seconds, combined with occasional satellite and RADAR positions. 

Systematic error present In the LORAN-C data was corrected using the best avail

able satellite fixes in the area. Error ellipses for satellite fixes were generally smaller 

than 0.2 nautical miles on a side. In addition to the systematic error in the LORAN 

navigation, a random error in position of about ±0 .3  nautical mile In latitude and 

±0 .05  nautical mile in longitude was observed. This ‘Jitter’ was removed by low-pass 

filtering of the data. The uncorrected data showed significant mismatch of contours 

between adjacent lines, whereas the smoothed data showed excellent fit, with align

ment of contours between overlapping adjacent swaths. Further navigational 

refinement was accomplished in the post-processing stage by matching contours from
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swaths on adjacent and crossing ship tracks.

Some data used in the present study had relatively poor navigation. At times, 

the redundant LORAN data were not available to allow the smoothing process to be 

applied. For these other cruises, occasional LORAN fixes were obtained along with 

Infrequent satellite and RADAR positions. For long, straight cruise tracks, the few 

available data were adequate to locate each line approximately, and final positioning 

was accomplished In the post-processing stage, matching the depth contours to those 

of the more accurately navigated areas.

Poit-Proeening of Sea Beam Data

Even with the ‘best’ possible navigation, contours plotted from the raw Sea 

Beam data on overlapping or Intersecting lines often do not match exactly. In some 

instances, features appear on tracks crossing structure In one direction, but are 

absent on data collected at right angles. Also, because of the discrete sampling of the 

bathymetric data, the depth points sampled on overlapping or Intersecting lines will, 

in general, not be In exactly the same positions. When the Sea Beam contouring pro

grams are applied to data on the different tracks, different contour shapes may 

result, especially In areas of low relief. Various post-processing techniques are 

applied to the Sea Beam and navigational data so that accurate bathymetric charts 

can be prepared In the desired format (cf. Desnoes, 1980; Edwards and others, 1984). 

Minimum distortion of features, and matching of contours In shape and position 

between overlapping swaths on the final plots is the desired result of the post

processing procedures.
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Increased accuracy or the Sea Beam contours Is obtained through smoothing by 

averaging over several 'ping cycles’ (Desnoes, 1980). The real-time contouring does 

not Involve this smoothing, and so more detail is apparent in the contours. This 

apparent detail Is often not real, especially in flat or smooth areas, the contours 

shown resulting from noise in the system or due to poor side-lobe rejection of a 

strong bottom return, and sometimes from Interference of other acoustic signals such 

as the 3.5 kHz echo-sounder. Five cycle averaging was used In this study, because at 

a survey speed of 9 knots, In water depths of 1-2 km from 3-6 ping cycles were 

obtained for each area the size of the Sea Beam footprint.

Preliminary contour plots of the various Sea Beam cruise data were prepared at 

50 m contour intervals. Swath matching of these data then allowed repositioning or 

the data to prepare more accurate final charts. Using the best navigated data as a 

base, the other data were adjusted to fit matching contours on adjacent and crossing 

swaths. When a relatively satisfying fit between the various Sea Beam plots was 

achieved at the 50 m contour interval plots of these data at 10 m and 20 m contour 

Intervals were prepared. The final bathymetric chart (plate 4, figure 38) was hand- 

drawn from these plots, and overlain on a light table so that a ‘best’ fit of contours 

was achieved.

The final chart Is consistent with the overall 10-15 m accuracy of Sea Beam 

data as reported by Renard and Ailenou (1979). SufiBcient detail to delineate major 

geomorphlc features as well as adequate smoothing to Improve overall accuracy of the 

data is provided by the 20 m contour Interval. Real time contouring at 5-10 m con

tour intervals was accomplished for most of the region. These raw data are useful in 

showing details of features not apparent at the larger contour interval, providing one
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considers overall resolution of the system and compares data from Intersecting 

swaths.

Overall accuracy of the final map is estimated to be better than 500 m In geo

graphic position and better than 200 m in relative position over most of the area. 

Depth accuracy Is approximately 10-15 m as mentioned above. Features as small as 

50-100 m are resolved, although the shape of these small features Is not resolved. 

Many small features apparent In the flat areas may not be real, although, some minor 

relief In these areas is apparent from the center beam (12 kHz monitor) data.

Supplementary Data

Additional data were collected during the cruises which provided the Sea Beam 

data for this study. Hlgh-resolutlon seismic reflection data Including airgun and 3.5 

kHz sources, Deep Tow slde-scan SONAR, shallow penetration seismic and near bot

tom magnetometer data, and surface total magnetic field intensity data were collected 

over various parts of the study area. These additional data provide constraints on 

the structural and tectonic interpretations made from the bathymetric data using 

geomorphlc principles. Descriptions of the nature and theory regarding these other 

data types are published elsewhere (Moore, 1969; Spless and Tyce, 1973).

TECTONIC LANDFORMS ALONG RECENTLY ACTIVE FAULTS

Landforms produced along active strike-sllp faults are shown In figure 42. 

Detailed description of the various tectonic and non-tectonic landforms associated 

with active faults are discussed elsewhere (Lawson, 1908; Slemmons, 1977; Patterson, 

1979; Davis, 1982). For the present study, a brief description of the method used to 

identify tectonic landforms from detailed Sea Beam bathymetric contour plots
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Figure 42. Block diagram showing tectonic landforms commonly observed along 

recently-active, terrestrial (subaerial), strike-sllp faults. Many of these features may 

be observed along the submarine San Clemente fault in the area of this study.
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follows.

Resolution of seafloor topographic features with Sea Beam data limits one to 

the identification of the major geomorphic features along active faults. Minor 

features, commonly formed during single tectonic events, such as fissures, small 

scarps and fault traces, have been Identified on the seafloor by other means, such as 

Deep Tow and bottom photography. Major features, as shown In figure 42, should be 

recognizable on Sea Beam contour charts. Land based studies rely upon the 

geomorphic features to identify, trace and characterize active faults (Slemmons, 

1977). These features are often first recognized from aerial Including low sun angle 

and satellite photographs, side-looking RADAR or field reconnaissance. Later field 

work Is necessary to confirm fault identifications made from remote imagery.

Field work on the seafloor is very difficult, of course, and expensive, although 

remote sensing provided by Sea Beam, seismic reflection profiling, and other methods 

are readily accomplished. The combination of various marine geological and geophy

sical data may provide enough information to verify interpretations made from 

bathymetric data alone. For this study, the principal criterion used for recognizing 

tectonic landforms is the identification of numerous seafloor features resembling 

those shown In figure 42. The alignment of numerous characteristic ‘tectonic land

forms’ may provide convincing evidence of an active fault zone.

Lineaments are among the most common features observed in remote imagery 

of active fault zones. On the seafloor, lineaments include strongly linear features 

such as scarps, trenches and troughs, valleys and ridges, and the large escarpments 

alluded to In previous sections. Other seafloor lineaments include alignments of 

smaller, or more Irregular features such as depressions or sags, saddles, notches,
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linear channel segments, and sediment wave crests and troughs. Additional data, such 

as seismic reflection profiles which show offset sub-bottom reflectors, are deslreable 

to confirm tectonic origins for seafloor lineaments. In the absence of such supportive 

data, the presence of numerous characteristic landforms along the principal linea

ments observed may Identify active tectonic features.

Tectonic and other geomorphlc landforms Interpreted from the Sea Beam data 

of this study are shown on plate 5. Scarps Inferred to be tectonic in origin are very 

straight and generally steep, with lengths from several hundred to thousands of 

meters. Scarps of non-tectonlc or uncertain origin are generally curved. Compound 

scarps, showing more than one principal slope gradient, are identified on plate 5, and 

may represent different episodes of tectonic activity, tectonic scarp modification by 

other geomorphic processes, or multiple, subparallel active fault strands In the 

region. Slump or slide scarps are arcuate in plan view, and have downslope bulges 

where the slide mass came to rest. Faults identified from seismic reflection profiles 

are identified with a special symbol astride the fault If the seafloor is not displaced, 

or attached to a bar on the relatively downthrown side of the fault where the seafloor 

Is offset. The recency of faulting Inferred from the seismic data Is shown by the type 

of symbol. The author, (chapter 4, this volume) provides a more detailed description 

of the seismic stratigraphy used to Infer age of faulting in the Inner Continental 

Borderland of southern California. Most of the features plotted on plate 5 were, 

however, identified solely from the Sea Beam bathymetric chart (plate 4).
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DISCUSSION

TECTONIC LANDFORMS ALONG THE SAN CLEMENTE FAULT ZONE

The San Clemente fault zone separates the elevated basement structure of For- 

tymile Bank from the deep, Irregularly-shaped North San Clemente Basin. Numerous 

scarps, linear ridges, valleys and trenches, aligned depressions, and larger fault- 

bounded basins delineate the recently-active fault traces (plates 4 and 5). Secondary 

tectonic and non-tectonic landforms are useful in. determining the character of fault

ing and possibly imply lateral offsets. Hlgh-resolution seismic profiles assist in 

defining tectonic origins of seafloor features as well as recency of fault activity in the 

area.

Principal Traee of the San Clemente Fault

The principal trace* of the San Clemente fault In the study area consists of 

three continuous, relatively straight northwest-trending segments separated by dis

tinct steps or bends (plate 5). In the central segment, the principal fault trace lies 

near the base of the major escarpment which forms the northeastern boundary of 

North San Clemente Basin. This escarpment is composed of numerous subparallel 

scarps throughout the study area. Straight, steep scarps, up to 15 km long and 1000 

m high are the most prominent features associated with the principal fault trace. 

The great height and composite nature of some of these scarps probably represents 

many episodes of movement, over an extended period of time or along subparallel 

traces within the main fault zone. Landslide or other gravity controlled scarps are

* The principal fault traee is the major, throughgoing fault which has experienced most of the displace
ment in the zone.
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generally concave, and some scarps with this character are also observed In the area 

(figure 43).

The fault traces are inferred to lie along the base of the steepest part of Indivi

dual scarps and not at the base of possible talus or debris slopes.* In some cases, 

aligned depressions or linear trenches at the base of the scarps mark the fault trace. 

Shepard and Emery (1941) also found depressions a t the bases of many of the escarp

ments they mapped In the California Continental Borderland. The small closed 

depressions observed along the scarps are herein inferred to be of two kinds: (1) true 

sags as found along terrestrial wrench faults; (2) unfilled depressions surrounded by 

slides and slumps filling a small hillside valley. True tectonic sags are Interpreted in 

this study to be at small releasing bends or en echelon offsets along the strike-slip 

fault trace. Depressions of the second kind are found aligned along a wide (=sl km) 

tectonic bench or partially filled hillside valley shown In figure 43. Several features 

Interpreted to be submarine slides or slumps are observed surrounding some of the 

depressions along this bench.

Other mesotopography characteristic of strike-slip fault origin for these scarps 

include linear troughs, small tectonic benches, aligned mounds, pressure ridges or 

push-ups, and pronounced, linear changes in slope gradient (figure 43).

Significant variability in the height and steepness of the scarps exists. Much of 

this variation may be ascribed to differences in surficial lithology as well as relative 

scarp age. The steepest, and highest scarps are found in the areas where acoustic

* On land, the fault trace is usually found near the middle of the individual scarp, and if the scarp 
profile is similar to that of an error function (Hanks. 1984), the base of the steepest slope corresponds with 
the inflection point where the fault traee is located.
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Figure 43. Portion of Sea Beam area shown in detail using the original swath charts, 

contoured at a 10 m interval. Many tectonic landforms similar to those shown in 

figure 42 are Identified. Also, the Inferred principal trace of the San Clemente fault 

Is delineated by the dashed line. Sags are shown by shading. (See figure 39 for loca

tion of figure).
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basement, and hence older and well-indurated rock, is exposed (figure 49; cf. figure 

51, chapter 6, this volume). Where younger sedimentary deposits are observed, 

scarps are much lower, both in elevation and steepness (figures 28 and 44, but are still 

generally straight.

The northern segment or the principal San Clemente fault trace is not marked 

by large scarps in the study area. Instead, it enters the region along the axis of the 

San Clemente Rift Valley, marked by a scarp on its southwestern flank and a broad 

terrace on its northeastern flank. From the San Clemente Rift Valley toward the 

southeast, the principal fault trace is identified in the Sea Beam data by the break in 

slope at the edge of the ‘Rift Basin’. The Rift Basin is the deepest, large, closed 

depression within North San Clemente Basin. A major branch fault splits off the San 

Clemente fault within the San Clemente Rift Valley and is discussed later. High- 

resolutlon seismic profiles show the surficial sediments of the Rift Basin have been 

dragged where they abut the main fault (figure 44).

The overall trend of the principal trace is noticeably straight, cutting directly 

across topography typical of a steeply dipping, nearly vertical fault surface. 

Although significant dip-slip is implied by the height of the escarpments, the overall 

straightness of the principal fault zone across the entire mapped area is more typical 

of a strike-sllp fault. By contrast, in mountainous areas, major normal fault zones 

are delineated by more complex, less linear, often zig-zag fault patterns than strike- 

slip fault zones (Slemmons, 1977). Exceptions are the long, straight, steep escarp

ments bounding the inner graben on mid-ocean ridges, such as the Mid-Atlantic 

Ridge.
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Figure 44. High-resolutlon (3.5 kHz) seismic profiles across the San Clemente fault 

in North San Clemente Basin (see figure 39 for profile locations). Arrow identifies 

location of San Clemente fault trace. Note disruption and possible fault drag in the 

near surface sediments along the fault.



192

1800 M

1900

2000

2100

05KM

D

VE.-27X

KM

1800 M

1900

2000

2100

a*T
5 0

DISTANCE

D
EP

TH



193

Two significant right steps or double bends along the principal fault trace are 

responsible for slight slnuousity in the overall trend. Large depressions or basins are 

associated with each of these junctions between principal fault segments. Pull-apart 

origin in a rlght-slip fault zone is proposed by the author for these basins. Unlike the 

'idealized' pull-apart basin described by Crowell (1974), topography and seismic 

cross-sections show these basins are half grabens or trap-door structures, bounded on 

one side by the major fault scarp and monocllnal structure on the opposite side 

(figure 46). Crowell (1976) and Junger (1976) described similar basins in the Border

land. The significant thickening of the sediments In. the Rift Basin, as well as the 

aligned sags, adjacent to the right-bending fault scarp (releasing double bend) demon

strate basin growth has continued throughout late Quaternary time.

Topography is suggestive of a slightly more complicated development of 'Tri

angular Basin’. The scarp along its southern boundary may be associated with local 

folding and possibly, reverse faulting associated with a left-bending branch fault. 

Alternatively, dip-sllp associated with the ending of a predominantly strike-slip fault 

segment which bounds a  pull-apart a t a right step between en echelon fault strands 

may also explain this feature. Freund (1971) calls such features ‘termination bulges’ 

and shows several examples along the Hope fault in New Zealand. Similar features 

are observed at the northern end of the Imperial fault in southern California 

(Mesquite Basin, Sharp and others, 1982; figure 45). Two low scarps separated by a 

small bench or terrace along the northeast margin may delineate sub-parallel fault 

traces, or show that possible large-scale slumping of the relatively unconsolidated 

sediments into the basin has occurred. A small closed depression or sag Is located on 

this terrace, aligned with the principal San Clemente fault trace to the northwest.
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Figure 45. Comparison of some pull-apart basins along major, dextral, wrench faults. 

Shaded area identifies depression associated with pull-apart. Features possibly asso

ciated with termination bulges are shown by the other, textured pattern as labelled, 

(a) Mesquite Basin lies a t the northern end of the Imperial fault, a  major segment of 

the San Andreas fault system south of the Salton Sea; (b) Hanmer Plains lie along the 

Hope fault zone (HFZ) in New Zealand, (c) Triangular Basin lies along the San 

Clemente fault zone (SCFZ) in the area of this study (North San Clemente Basin). 

Other tectonic features are also identified. All three pull-aparts shown are associ

ated with right-steps (releasing bends) in dextral wrench faults.



Source: Sharp and others (1982) i

HANMER PI.ATNS

Source: Freund (1971)
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Figure 46. High-resolution (3.5 kHz) seismic profiles across the San Clemente fault 

zone between Fortymile Bank and North San Clemente Basin (Rift Basin). Arrows 

identify locations of fault traces. (See figure 39 for profile locations).



6 0 0  M

8 0 0

1000

1200

U00

1600

C/C
1800

2000

KILOM ETERS100 5 10 0 5
A B

DISTANCE

D
EP

TH



198

The western margin has a  gentle slope Into the basin with no topographic evidence 

for faulting. A small ‘keystone’ graben is apparent on one 3.5 kHz profile crossing 

this western margin (figure 46), but other high-resolutlon seismic data necessary to 

confirm structural interpretations of the basin and its margins are not presently 

available.

The southern, principal San Clemente fault segment forms the northeastern 

margin of the elongate ‘Navy Basin’. The fault passes through a narrow rift valley at 

the northwest end of Navy Basin and Is marked by the scarps which form the 

northeast edge of the basin. Seismic reflection profiles (figure 28) show the fault 

clearly. In some places, fault drag is evident In the relatively flat-lying sediments of 

the basin. Navy Basin corresponds to the *1868 Basin’ of Normark and Piper (1972), 

which they found filled with ponded turbldites from nearby Navy Fan.

Scarps along the northeast flank of San Salvador Knoll and along the San 

Clemente fault mark the two long sides of this basin. Normal drag is shown within 

the ponded turbidltes adjacent to the San Clemente fault (figure 28). A second, 

steeply-dipping fault with normal separation displaces the ponded turbidltes a few 

hundred meters away from the base of San Salvador Knoll on the west side of Navy 

Basin. These relations imply tha t the northwest part of Navy Basin is a recently 

active graben that has formed between basement of the structural block northeast of 

the San Clemente fault and that of San Salvador Knoll to the southwest. The buried 

acoustic basement flank of San Salvador Knoll dips northeastward until it is trun

cated by the more steeply dipping San Clemente fault surface. Slightly divergent, 

dextral, strike-slip along the San Clemente fault would cause formation of the graben 

within the young, ponded sediments. The strike of this segment of the San Clemente
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fault trends (5 ’-10’ ) more northerly than the other two principal fault segments 

mapped in this study. Other data (chapter 4, this volume) show that Navy Basin and 

East San Clemente Basin form an elongate pull-apart between major, right-stepping, 

en echelon traces of the San Clemente fault.

In general, the principal trace of the San Clemente fault in the study area 

separates elevated basement or other structure along the northeast from the basin 

areas to the southwest. Beyond the area of this study, the opposite is true for many 

tens of kilometers along the fault. The most famous example is the northeast-facing 

escarpment along San Clemente Island. In other places where elevated structures are 

along both sides of the fault, a narrow rift valley is present. Examples of the latter 

situation Include the large San Clemente Rift Valley at the northwest corner of this 

study area and the smaller rift valley separating Triangular Basin from Navy Basin.

A small, elevated ‘acoustic* basement structure, apparent in the central part of 

the study area, abuts the San Clemente fault at the base of a prominent scarp. No 

rift or other valley separates this feature from the elevated flank of Portymile Bank, 

although a linear trench marks the principal fault trace at the southeastern corner of 

this feature, and a large sag lies near its center. This feature is proposed herein to 

be a shutter ridge, formed by strlke-slip displacement of an elevated basement 

(bedrock?) structure cut by the fault. Ponding of sediment behind the ridge may be 

partly responsible for the relatively flat surface topping the shutter ridge adjacent to 

the fault scarp (figure 47). Deep Tow 4 kHz data show that erosion of tilted sedimen

tary deposits has occurred along the flanks of this feature (figure 48), demonstrating 

that older sedimentary deposits may constitute a t least part of the acoustic basement 

of this feature. The steep slopes of this feature prevent significant acoustic
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Figure 47. Hlgh-resolutlon (3.5 kHz) seismic profile across the San Clemente fault , 

zone and the ‘shutter ridge’ at the base of Forty mile Bank (see figure 39 for profile 

location). Other features shown on the bathymetric map (figure 43) are identified for 

reference.



201

CENTRAL

VE.~ 25X

-900M

■1200

CL
llja

t - 1 5 0 0

1800

2100

DISTANCE



202

Figure 48. Deep Tow, high-resolutlon (4 kHz) seismic profiles across the flanks or the 

’shutter ridge’ (see figure 39 for profile locations). Poor quality of these records 

make interpretation difficult, although beds truncated at the seafloor are apparent In 

some places, along inferred channels.



A FISH TRACK
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penetration with the surface ship 3.5 kHz system, although some evidence of bedded 

deposits is exhibited (figure 47). The author (chapter 6, this volume) suggests that 

lateral movement of this shutter ridge along the San Clemente fault has controlled 

late Cenozolc sedimentation patterns in North San Clemente Basin. Detailed study 

of these sedimentation patterns may, therefore, provide a displacement history for 

this fault.

Branch and Secondary Faults

In addition to the principal fault trace, numerous branch and secondary fault 

traces can be identified with the Sea Beam and hlgh-resolutlon seismic data. These 

fault traces are most easily recognized by linear, steep scarps of variable length, and 

in a few instances, by offset reflectors in seismic profiles.

The most prominent branch fault (hereinafter referred to as the Junger fault*) 

is marked by the large (over 1000 m high) scarp In the northern half of the study 

area. This fault Joins the main fault In the San Clemente Rift Valley, just beyond the 

northwest corner of this study area. In places, sags are aligned at the base of this 

scarp. The fault can be easily traced for more than 12 km along the straight, 

northwest-trending part of the scarp.

A more complicated pattern of faulting is inferred by the author in the central 

area of the study, where this large scarp curves sharply to a more northerly trend. 

Several small scarps, aligned sub-parallel to the main fault, and en echelon to each 

other in a left-stepping pattern, flank the northeast margin of a northwest-trending

* The author informally refers to this fault as the Junger fault, named after Arne Junger who spent 
many years studying the San Clemente fault sone.
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linear ridge. Seismic data show offset sub-bottom reflectors a t the top of the scarps 

(figure 49), and acoustic basement is truncated at the base of the scarps.

Another significant secondary fault is delineated by aligned sags and scarps 

along a northwest-trending terrace or tectonic bench located above the shutter ridge. 

The author infers that this secondary fauit ends at a small, north-trending fault scarp 

(or graben) which may connect to the principal fault trace at the southern end of the 

shutter ridge. The north-south trend or the graben-like feature is consistent with 

local east-west extension in a northwest-trending, right-lateral, shear zone. The 

northern end of this secondary fault may connect with the en echelon faults described 

previously, or with another branch from the main fault delineated by a small tectonic 

bench near the southern end of Rift Basin (figure 38). Alternatively, it may end 

within the linear ridge Just north of the sags shown in Figure 43.

Additional secondary faults are apparent along the flanks of Fortymlle Bank. 

Most of these are delineated by straight, steep scarps, and aligned or linear depres

sions. Some of these correspond to faults mapped by U.S. Geological Survey scien

tists using moderate to deep penetration seismic reflection data (Vedder and others, 

1974; Junger and Vedder, 1980 personal communication; Greene and others, 1985). 

The abundant gaps In the Sea Beam data of this study on the elevated parts of For

tymlle Bank preclude more detailed interpretation of these faults. Numerous scarps 

of probable non-tectonic origin are also apparent In this area as well and have been 

mapped accordingly (plates 4 and 5).

Other secondary faults, associated with the San Clemente fault zone are present 

in the gentle slopes northeast of Navy Basin. These faults are not readily apparent in 

the Sea Beam contours, although line spacing is too wide to provide overlap of
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Figure 49. High-resolutlon (3.5 kHz) seismic profiles acorss the San Clemente fault 

zone In the North San Clemente Basin region (see figure 39 for profile locations). 

Arrows identify locations of fault traces.
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adjacent swaths. The alrgun profiles (figure 10 and 28) provide the most significant 

evidence for the existence and locations o f these faults. The complex structure in 

these profiles and their limited number, however, do not allow accurate mapping of 

these faults in the present study. Where these faults are shown on the tectonic 

geomorphology map (plate 5), strike was inferred from topographic contours In the 

Sea Beam plot. The author has mapped the faults in this area In more detail else

where (chapter 4, this volume).

Recency of Faulting in the San Clemente Fault Zone

Abundant evidence of late Quaternary movement of faults within the study area 

is shown by the Sea Beam and hlgh-resolution seismic reflection data. First, 

numerous geomorphlc features commonly associated with active strike-slip faults 

(figure 42, plate 5) may imply that late Quaternary activity has occurred. Because 

erosion of deep submarine topography may be relatively slow in general, and Holo- 

cene sedimentation rates In the region vary from 0 to 35 cm/1000 yrs (chapter 3, this 

volume; Emery and Bray, 1962), use of geomorphlc criteria may not demonstrate 

Holocene fault movement. Locally, submarine mass-wasting processes may rapidly 

obscure primary tectonic relief, however. Scarp heights and slope gradients correlate 

with lithology, the highest and steepest scarps being associated with the acoustic 

basement materials. The presence of low scarps in youthful sedimentary deposits 

may be evidence of late Quaternary and possibly Holocene activity. Aligned sags in 

the late Quaternary-Holocene deposits of Rift Basin provide better evidence of late 

Quaternary, possibly Holocene fault movement than do the tectonic landforms found 

in the older sedimentary deposits or basement rock. These small depressions would
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be rapidly filled by sediments, and therefore continued tectonic activity is required to 

maintain them.

Second, offset or disruption of key stratlgraphlc horizons in sedimentary depo

sits in the region also may signify late Quaternary to Holocene fault activity. Unfor

tunately, from the available, hlgh-resolutlon seismic reflection data, prominent acous

tic horizons cannot be correlated across the principal fault traces. The character of 

the deposits adjacent and across the large, steep fault scarps cannot be adequately 

defined with surface ship data as stated previously, and we have no Deep Tow profiles 

across the main fault trace(s).

In the area of somewhat more gentle slopes where the main fault trace crosses 

Rift Basin into San Clemente Rift Valley, conventional 3.5 kHz profiles provide the 

best available evidence for late Quaternary, possibly Holocene fault movements. 

Several profiles which cross the fault in this area show weak evidence of fault drag in 

late Quaternary and Holocene sediments which abut the fault (figure 44). The notice

able thickening of the sediments between prominent horizons adjacent to the fault, 

observed in the southernmost profile (figure 44) may demonstrate continued basin 

subsidence associated with late Quaternary fault movements. Late Quaternary to 

Holocene activity of both the main fault and the secondary fault forming the graben 

In Navy Basin is Inferred from offset reflectors and drag features seen in the airgun 

profiles crossing that area (figure 10 and 28).

For near bottom and hlgh-resolutlon seismic data, a significant thickness of lay

ered Holocene deposits would be desireable to show displaced Holocene deposits. 

Turbidlte sediments of Navy Fan may provide such a setting, yet Normark and others 

(1979) found no compelling evidence for Holocene faulting within the area they
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surveyed using Deep Tow. Numerous linear Features were observed on the fan sur

face, but these were attributed to depositlonal or erosional processes associated with 

normal fan growth. Sub-bottom reflectors in the Navy Fan area crossed by the San 

Clemente fault are discontinuous, and fault offsets cannot be identified with cer

tainty.

Submersible observations of the seafloor In other areas of the Borderland where 

young faults have been interpreted to break the seafloor (based upon high-resolution 

seismic reflection data), showed that extensive bioturbatlon of the upper sediments 

would obscure all but the most recent seafloor displacements (Kennedy and others, 

1985b). Lonsdale (1979) observed very steep slopes (==60 *) on a scarp cutting the 

southern edge of Navy Fan during submersible dives. He also observed mounds of 

barite deposits associated with hydrothermal vents along the San Clemente fault.

Seismologic data provide a third type of evidence Indicating Holocene fault 

movements. Numerous earthquakes have occurred along the trend of the San 

Clemente fault zone (Hileman and others, 1974; Legg, 1980; figure 66, chapter 7, this 

volume), but most of these are not located with sufficient accuracy to correlate with 

specific fault traces. Several moderate-sized events (magnitude 4.0-4.7) have 

occurred somewhat to the east of the main traces of the San Clemente fault, being 

located between Fortymile and Thlrtymile Banks. A large earthquake (magnitude 5.9) 

was located at the southern tip of San Clemente Island, near San Clemente Rift Val

ley. These events demonstrate present-day activity of faults within the San Clemente 

fault zone.
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Earthquake focal mechanisms determined using first motions recorded on 

seismograms for several earthquakes In the Fortymile Bank area are not consistent 

with dextral strlke-sllp on northwest-trending fault planes, (Legg, 1980). Instead, 

left-lateral motion on north- to northwest-trending fault planes or right-lateral slip 

on the conjugate fault planes was observed. This tectonic complexity has yet to be 

resolved. Elsewhere along the San Clemente fault zone, focal mechanisms of earth

quakes are consistent with the character of faulting (right-slip on northwest-trending 

fault planes) inferred from the geological data. Some extension across the fault Is 

Indicated by mechanisms showing right-lateral, oblique normal slip on the northwest- 

trending focal planes of some of these earthquakes.

Timing of the Initiation of movement along the San Clemente fault zone cannot 

be adequately determined with the data of this study. The author Infers that move

ment has been continuous throughout Quaternary time, as evidenced by progressively 

greater deformation of the more deeply buried stra ta  in seismic reflection profiles 

(figures 10, 28 and 44). Also, the abundance of geomorphlc features related to 

recently-actlve faulting observed on the elevated basement flanks of Fortymile Bank, 

compared to the absence of such features in the younger, sediment covered basin 

areas Implies that fault activity commenced prior to deposition of the uppermost sed

iments found in the basin area. Middle Miocene timing of fault development associ

ated with the formation of many of the present-day banks and ridges in the Border

land was proposed by others (Vedder and others, 1974; Junger, 1976; Junger and 

Vedder, personal communication). Howell and others (1974) have postulated a long 

history of movement, involving significant displacements (up to 180 kilometers) on an 

East Santa Cruz Basin fault zone. This postulated fault zone may be ancestral to the
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present-day San Clemente fault zone or to the Santa Cruz-San Clemente-San Isidro 

fault zone of Legg and Kennedy, (1979).

Displacement and Rate of Slip

The most difficult task of marine geoscientists attempting to study offshore 

faulting is to quantify displacements ‘and rate of slip for faults covered with 

thousands of meters of sea water. Vertical offsets are relatively easy to estimate, 

because seismic reflection profiles offer a suitable approximation of geological 

cross-sections, when properly interpreted. Age of key horizons Is more difficult to 

obtain, although bottom sampling of outcrops, core data and drilling provide neces

sary data at some cost, however. Strlke-sllp is much more difficult to determine, and 

recognition of ‘valid’ piercing points under the sea is not readily accomplished. Dis

tinctive linear submarine features such as channels, lava and debris flows, fold axes 

along specific horizons, canyons and fan valleys, and characteristic magnetic anomaly 

patterns may provide such piercing points. The latter features have proven most 

useful in estimating offsets and slip rates of major oceanic transforms (Helrtzler and 

others, 1968). Sea Beam data provide detailed Information on shape and continuity of 

seafloor mesotopography, and therefore, should be useful in attempts to determine 

components of strlke-sllp along major offshore faults.

Dlp-slip along parts of the San Clemente fault can be estimated from the thick

ening of the ponded sediments along the fault in Rift Basin. From ten to fifteen 

meters of relative thickening Is evident in the seismic profiles, within the upper 60 

meters of sediment penetrated by 3.5 kHz data (figure 44). Assuming a constant sedi

mentation rate of 30* cm/1000 yrs (Emery and Bray, 1962) for this part of the basin,

* The sedimentation rate may have been significantly greater during the glacial and marine transgression 
stages of the Pleistocene (Dunbar, 1981; chapter 3, this volume).
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and correcting Tor compaction (see chapter 3, this volume; Moore, 1969), a dip-slip 

component or fault movement can be estimated. Values of from 20 to 25 m of 

deepening, over an interval of about 200,000 years yields a dlp-slip rate of about 0.1 

mm/yr for this part of the fault. Similar rates for the uplift or terraces on nearby 

San Clemente Island have been measured (Muhs and others, 1979) Muhs, 1983). In as 

much as the structural pattern typifies predominately strlke-sllp, the overall slip rate 

for the San Clemente fault may be at least an order of magnitude greater.

Several topographic features which may be offset by the fault are apparent in 

the area. The shutter ridge may be offset from another elevated basement structure 

not yet identified, but presumably located on the northeast side of the fault elsewhere 

along strike. A channel appears to be offset a few kilometers In a dextral sense, by 

the fault near Triangular Basin. Close inspection of the 3.5 kHz data do not show 

evidence extending the channel leading into ‘Central Basin’ across Triangular Basin 

to the fault. Instead, isopach maps (Figures 55 and 58, chapter 6, this volume) show 

a partially buried channel, shown by topography and thicker sediment accumulation 

along the channel axis, located south of Central Basin. This feature may be offset 

between 1.7 and 2.3 km from an existing channel incised into the low scarps on the 

southeast side of Triangular Basin. The author (chapter 6, this volume) also notes 

that the low, broad elevated area between Rift Basin and Central Basin has a shape 

roughly similar to a small submarine fan. The apex of this postulated fan, which 

appears to have a leveed(?) channel, is offset between 7 and 10 km from possible 

ancient channels (upper fan valley?) located on the opposite side of the fault. Based 

upon late Quaternary sedimentation rates for the area, and the estimated ages of 

some prominent acoustic horizons (chapter 6, this volume), the author proposes that
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an average late Quaternary slip rate of 1-10 mm/yr provides an order-of-magnltude 

estimate for the San Clemente fault zone near Fortymile Bank.

None of the strlke-sllp displacements postulated above has been confirmed to 

date. Carefully located bottom samples, detailed hlgh-resolutlon seismic reflection 

surveys and near bottom studies are necessary to provide additional data which may 

document timing and amount of any postulated fault offsets.

CONCLUSIONS

Sea Beam provides important data which can be used to map recently active 

fault traces in regions of rugged seafloor topography with high relief. Numerous tec

tonic landforms similar to those observed along active terrestrial strlke-sllp faults 

are apparent in Sea Beam contour plots of the San Clemente fault zone near Forty

mile Bank and San Clemente Basin. Major scarps, from tens to hundreds of meters 

high and hundreds to thousands of meters in length; closed depressions such as tec

tonic sags and small basins; and linear topography such as ridges, valleys, troughs, 

trenches, and other aligned depressions are the most common tectonic landforms 

observed along the San Clemente fault zone. Sedimentary and other non-tectonlc(?) 

structural features on the seafloor can be recognized from the Sea Beam contours, 

but additional data such as high-resolution, surface ship and near bottom, seismic 

reflection data, bottom samples and photographs are necessary to verify the Interpre

tations of the seafloor geomorphology.

Sea Beam and other data used in this study show that the San Clemente fault 

zone, in this area, is a fully-developed, right-lateral wrench fault (figure 50). Long, 

straight scarps mark the principal displacement fault, which Is essentially continuous
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Figure 50. Comparison or the mapped patterns of parts of four major dextral 

wrench fault zones in California. Stippling delineates areas of elevated bedrock or 

older sediments. Similarity in fault patterns, including continuity of principal fault 

segments and narrowness of the main fault zones are characteristics of well- 

developed wrench faults (Wilcox and others, 1973). All fault zones shown are mapped 

at the same scale.
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along the 50 km section mapped In this study. Some sinuosity or the principal fault 

trace Is evident as two significant, right, en echelon, fault steps or releasing double 

bends. Tectonic pull-apart basins, with trap-door or half graben configuration are a t 

these bends, demonstrating the dextral strlke-sllp character of the fault. Numerous 

sub-parallel branch and secondary fault traces are delineated by scarps and other 

lineaments apparent In the older deposits of the uplifted acoustic basement flanks of 

Fortymile Bank. Few tectonic landforms are observed in the recent sediments of the 

basin areas away from the principal fault trace. A significant exception Is the graben 

formed In the young, ponded turbidltes of Navy Basin, Indicative of an extensional 

component of strain across this more northerly trending section of the San Clemente 

fault. Other data (chapter 4, this volume) imply that Navy Basin is also a pull-apart 

between offset, en echelon fault strands,

The principal, active trace of the San Clemente fault lies at the base of the 

major scarps separating Fortymile Bank from North San Clemente Basin. Previous 

Investigators (Moore, 1969; Vedder and others, 1974) were unable to map this fault 

accurately from seismic reflection profiles because of the steep topography, and 

instead showed major fault traces closer to the crest of Fortymile Bank. One of 

these, the Junger fault, is a major branch fault which connects to the main fault In 

the San Clemente Rift Valley, and It follows the base of a thousand meter high scarp 

and separates Fortymile Bank from a linear, northwest-trending ridge adjacent to the 

Rift Basin. The Junger fault is difficult to follow with the bathymetric data toward 

the southeast, where it crosses the southwest corner of Fortymile Bank along a 

discontinuous series of scarps and aligned depressions. Other significant secondary 

faults lie subparallel to the principal fault trace and are apparent as long, straight,
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northwest-trending scarps and aligned depressions which cross a  bench on the 

southwest Sank of Fortymile Bank.

Sedimentary and other apparently nontectonlc features are useful to determine 

recency of faulting and possible displacements. Thickening of late Quaternary to 

Holocene ponded turbidltes and evidence of drag in these sediments adjacent to the 

main fault trace are used to Infer that movement occurred during late Quaternary 

and probably Holocene time. Postulated right-lateral offsets of features Include par

tially burled channels (1.7-2.3 km), a shutter ridge (unknown displacement), and a 

possible small submarine fan or slope apron deposit (7-10 km). Age and character of 

these features are not yet confirmed by careful bottom sampling or detailed hlgh- 

resolutlon seismic surveys. Approximate ages of some of these features based upon 

sedimentation rates and isopachs are used by the author to propose a late Quaternary 

average slip rate of 1-10 mm/yr for the San Clemente fault.

Selsmologlc data show that numerous earthquakes have occurred along the 

trend of the San Clemente fault zone. Focal mechanisms of the larger events in the 

Fortymile Bank and San Clemente Island area, however, are not consistent with the 

geologic evidence for rlght-sllp on northwest-trending fault planes. Tectonic com

plexity in the Fortymile Bank area demonstrated by the occurrence of these ‘back

wards’ earthquakes may be associated with numerous scarps and other tectonic land

forms evident in the Sea Beam bathymetric chart of the area (plates 4 and 5).

Additional work is necessary to Identify real piercing points offset by the San 

Clemente fault in this and other areas so that reliable estimates of late Quaternary 

slip can be made. A program of carefully located bottom sampling and possibly dril

ling, coupled with additional, accurately navigated Sea Beam and hlgh-resolutlon,
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moderate penetration seismic reflection surveys would be most desireable. The San 

Clemente fault is considered by the author to be the most significant, active fault In 

offshore southern California, and a  slip rate of several millimeters per year would be 

of significant Interest from both an earthquake hazards and tectonic viewpoints. It is 

important, therefore, to Investigate the seafloor geology and tectonic activity of this 

area more fully.
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CHAPTER 6 

LATE QUATERNARY SEDIMENTATION IN 

NORTH SAN CLEMENTE BASIN AND 

MOVEMENT ALONG THE SAN CLEMENTE FAULT

INTRODUCTION

Sediment*

A detailed examination of the sedimentation patterns in the Sea Beam survey 

area provides additional Insight Into the character and recency of the tectonic 

activity. The 3.5 kHz surface ship and Deep Tow 4 kHz data allow Interpretations of 

the sedimentation rates and processes active for the most recent geological past as 

recorded in the upper 50-100 m of sediment. Airgun data over a part of the area 

allows investigation of a significantly greater thickness of sediments. Contouring lso- 

pachs of different sedimentation intervals separated by prominent acoustic horizons 

in the seismic data allow interpretation of relative rates of sedimentation as well as 

insights into mode of sedimentation, direction of transport, and possible tectonic 

effects. For the present study, detailed examination of sedimentation patterns is res

tricted to the deep areas where relief is low, and abundant, high quality seismic data 

from both Deep Tow 4 kHz and surface ship 3.5 kHz systems are available (figure 51). 

Correlation of sediment ‘acoustic character’ and seafloor morphology also provide 

insights regarding the seafloor geomorphology and possible lateral fault offsets.



221

Figure 51. Map showing tracklines of high-resolution seismic data used In this study. 

Numbers identify sections of seismic profiles reproduced as figures In the report. 

Bathymetry is from the detailed Sea Beam study of the area (chapter 5, this volume).
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Aeouitic Character

Depth of penetration and character of Internal reflectors provide qualitative 

estimates of surflcial sediment types, (grain-slze and mode of emplacement). Hamil

ton (1970) showed that reflectivity and attenuation of high-frequency acoustic waves 

in marine sediments Is directly correlated with grain size, sands being more reflective 

and attenuatlve than clays. Many other Investigators have found that depth of acous

tic penetration for hlgh-resolution seismic systems is an Indicator of the relative 

amount of sand or coarser materials in the near surface deposits (Normark and 

Piper, 1972; Damuth, 1975; Normark and others, 1979).

In submarine fan areas, Normark and others (1979) and Damuth (.1980) found 

that muddy sediments show multiple internal reflectors with good continuity and 

acoustic penetration of several tens of meters. Coarser grained silt, sand and gravel 

generally showed "distinct, continuous sharp bottom echoes with no apparent sub

bottom reflectors" according to Damuth (1975). Kennedy and others (1980) and 

Moore (1957) describe a near surface, acoustically transparent unit as unconsoli

dated, possibly Holocene, sediment. A uniformly deposited layer of water-saturated, 

unconsolidated hemlpelaglc mud would be expected to have this acoustically tran

sparent character. Finally, acoustic basement in the hlgh-resolution seismic profiles 

is recognized by distinct seafloor reflectors with a prolonged return. In some cases, 

sub-bottom reflectors can be identified in areas of older sedimentary rock, the rela

tive age and basement character being inferred from the strength of the echo and by 

Its prolonged reverberation.
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With the above observations In mind, the author has mapped five acoustic facies 

(figure 52) which are Inferred to be representative of the seafloor lithology and sedi

ments: (1) areas showing distinct, multiple, closely-spaced (< 5  meters) continuous, 

conformable, parallel reflectors, and onlap character a t the edges of generally flat- 

floored basins, with acoustic penetration in excess of 20 m; (2) areas showing distinct, 

multiple, continuous, parallel reflectors that are more widely spaced (> 5  m) and show 

draped appearance over gentle topography, with acoustic penetration in excess of 20 

m; (3) areas showing few distinct, parallel reflectors separated by relatively wide 

(>10 m), ‘acoustically transparent' zones, with acoustic penetration in excess of 20 

meters; (4) areas showing distinct seafloor reflections with prolonged return, and 

some sub-bottom reflections; and (5) areas showing strong, diffuse seafloor reflections 

with very prolonged return and no sub-bottom reflections. Examples of these acous

tic facies are shown In figures 53 and 54 for the two hlgh-resolution seismic systems 

used in this study. Sediments mapped as units 1-3 are inferred to be predominately 

mud, the more closely-spaced parallel reflectors possibly identifying turbidltes and 

the few, widely-spaced reflectors identifying predominately hemipelagic sediments. 

The few cores available from North San Clemente Basin support this interpretation, 

showing predominately green mud, with few, thin sandy layers within the upper few 

meters of sediment (Emery and Rittenberg, 1952; Emery, 1960; Emery and Bray, 

1962).

Acoustic facies 4 and 5 are considered acoustic basement types In this study, 

although areas underlain by coarse-grained sediments may also be included In facies 

4. Areas mapped as facies 4 or 5 may Include small pockets or thin deposits of 

acoustically transparent material overlying the acoustic basement. In areas of steep
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Figure 52. Map or acoustic facies along the San Clemente fault zone between For- 

tymlle Bank and North San Clemente Basin. See figure 51 for the location of hlgh- 

resolution seismic trackllnes used to identify the acoustic facies.
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Figure 53. Surface ship, hlgh-resolution (3.5 kHz) seismic profiles showing character 

of acoustic facies (see figure 51 for location of profiles). Prominent acoustic horizons 

(Triplet and Horizon 2) have also been identified in the basin sediments.
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Figure 53. Surface ship, hlgh-resolution (3.5 kHz) profiles showing acoustic facies. 

(Continued).
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Figure 54. Deep Tow high-resolution (4 kHz) seismic profiles showing character of 

acoustic facies (see figure 51 for location of profiles). Prominent acoustic horizons 

(Triplet and Horizon 2) have also been identified in the basin sediments.
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topography (slopes >  15 *), It is difficult to distinguish between facies 4 and 5 with 

surface ship data, and so these areas are generally mapped as facies 5 when data are 

inadequate to allow a distinction. Care must be exercised, therefore, in inferring 

significant llthologic variations across the many fault scarps observed in this area 

based solely upon the surface ship 3.5 kHz data.

Two major seafloor llthologic divisions are apparent from the acoustic facies 

map (figure 52): (1) areas underlain by acoustic basement, and (2) areas of significant 

sedimentary cover. The entire mapped area is divided roughly in half by these two 

zones. Acoustic basement facies are in the northeast, where Fortymile Bank, an area 

of significant relief is located. Sedimentary' facies are present in the west and south, 

where North San Clemente Basin is located, a deep area of low relief. Scattered 

outcrops or acoustic basement are located where steep-sided peaks protrude through 

the sedimentary cover of the basin area. A gently sloping region of sedimentary 

facies is located in the southeast part of the map, although few hlgh-resolution 

seismic data are available in this area to delineate its boundaries more accurately.

Although the seafloor of Fortymile Bank is generally underlain by acoustic base

ment facies, some pockets of sedimentary fill are locally present filling some of the 

deeper holes (figure 52). Some parts of Fortymile Bank are underlain by sedimentary 

rock. Samples from the crest and flanks of Fortymile Bank Include both Miocene 

sedimentary and volcanic rocks of undetermined(?) age (Vedder and others, 1974). 

Junger and Vedder (1980, personal communication) infer that Mesozoic basement 

rocks are along the lower parts of Fortymile Escarpment.
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Sediments in the basin areas are grouped into the three acoustic facies 

described above. In as much as these three facies all show significant acoustic pene

tration, and continuous, parallel reflectors, predominately very fine-grained deposits 

such as clay or silty-clay are likely to underlie these areas. Smith and Normark 

(1972), Normark and others (1979), and Damuth (1975, 1980) have correlated such 

reflection character with relative absence of coarse-grained (silt/sand/gravel sized), 

bedded sediment in piston cores.

The deepest basins tend to be flat-floored and filled with facies 1 (figure 52). 

The onlap evident on seismic profiles crossing the edges of these basins (figures 53 

and 54) imply that these deposits are ponded turbldites, similar to those observed in 

the nearby Navy Fan basin plains (Normark and others, 1979; Normark and Piper. 

1972). Facies 2 Is found in relatively flat areas which are elevated slightly above the 

ponded basins, Including the large area of gentle relief between the two larger ponded 

basins in the center of the mapped area. Facies 3 is located in small patches, mostly 

along the crests of the higher, rounded peaks in the southern basin area. Facies 3 is 

most easily recognized on Deep Tow 4 kHz profiles (figure 54). Facies 2 grades 

laterally into facies 3, and layers between prominent reflectors either pinch out or 

thin appreciably leaving few reflectors visible in facies 3 seismic profiles (figure 54). 

Facies 1 generally onlaps facies 2 in the study area, although some prominent acous

tic horizons can be traced continuously through all three ‘sedimentary’ acoustic 

facies described above (figure 54).
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Acoustic Horiiont and Iiopachi

Or the prominent acoustic horizons apparent In the surface 3.5 kHz and Deep 

Tow 4 kHz data, two are relatively continuous, and hence, mappable throughout most 

of the basin area studied. The first Is most easily recognized as consisting of a 'tri

plet* of evenly spaced, parallel reflectors which appear continuously over most of the 

area (figures 53 and 54). In following this triplet throughout the region, additional 

parallel reflectors become apparent or disappear between the three primary 

reflectors. In some areas one or another of the primary reflectors becomes obscure, 

although at least two of the three can be followed continuously for several kilometers. 

The middle reflector of this triplet is the most continuous and easily followed 

throughout the study area, and so it was selected as one horizon for mapping the near 

surface sediment isopachs.

A second prominent reflector observed throughout most of the basin area is evi

dent from 10 to 20 m (at 1500 m/sec acoustic velocity) below and mostly parallel to 

the base of the triplet (figure 54). This reflector Is generally observed as a single, 

distinct and strong reflector, although in a few places, a  second, less prominent 

reflector lies parallel and within 5 meters to the primary reflector. The more prom

inent reflector is used as the second horizon in the isopach studies.

Other prominent reflectors lying somewhat deeper, but mostly parallel to the 

two described above, are also apparent and continuous for several kilometers on 

seismic profiles across North San Clemente Basin. These reflectors, however, gen

erally lie too deep below the seafloor, in the flat floored basin deeps to be seen with 

the high-resolution seismic systems used In this study. Therefore, these other 

reflectors were not used for mapping additional isopachs.
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Reflectors present in narrow band width (band limited), high-resolution, seismic 

profiles are not always images of specific subsurface discontinuities. Mayer (1979a,b; 

1980) showed that multiple reflectors can be acoustic Interference patterns, resulting 

from many, thin layers of varying acoustic Impedance. Although some or all of the 

reflectors used as acoustic horizons in this study may be of such nature, the author 

believes they still represent correlatable horizons and uses them as such, because 

their overall continuity across the region supports this Interpretation. Furthermore, 

the author assumes these horizons are Isochrons and can therefore measure the spa

tial variability in sedimentation rates throughout the area. Additional data, including 

numerous long piston cores throughout the area are needed to test these hypotheses.

Unit 1 Sedimentation Pattern*

Isopachs for Unit 1, showing the thickness in meters between the seafloor and 

the middle reflector of the triplet are shown in figure 55. A contour Interval of five 

meters was used. The resolution of the 3.5 kHz and Deep Tow 4 kHz data Is about 1- 

2 meters in sediment thickness. An Interval velocity of 1500 m/sec was used to com

pute sediment thickness based upon sediment velocity studies of Hamilton and others 

(1974) In this part of North San Clemente Basin. Emery and Bray (1962) report a  late 

Quaternary to Holocene sedimentation rate  of 30* cm/1000 yrs for North San 

Clemente Basin, based upon a  piston core from the location shown in the isopach 

maps. Because the thickness of Unit 1 a t this location is approximately 30 m, the 

contour values shown for this map can also be used to indicate average sedimentation 

rates, (in cm/1000 years), for the latest Quaternary, assuming this average is

* The late Quaternary sedimentation rate may have been substantially greater during glacial and marine 
transgression stages (Dunbar, 1981; chapter 3, this volume).
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Figure 55. Isopach map of Unit 1, the sediment layer between the seafloor and the 

middle of the Triplet. Thicknesses are in meters using an Interval velocity of 1500 

m/sec (Hamilton and others, 1974) and are not corrected for compaction. Tracklines 

of seismic data used to contour these isopachs are shown in figure 51. Dot shows 

location of piston cores described in the text.
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relatively constant throughout the time represented by the interval between Horizon 1 

and the present seafloor.

The spatial patterns of sediment thickness and sedimentation rate shown for 

Unit 1 are roughly correlated with topography. The deepest, enclosed basins show 

the highest rates and thickness, whereas the highest topographic peaks have 

significantly less sediment cover. This is consistent with predominately turbldite 

ponding within basins and predominately hemipelagic sedimentation over elevated 

regions. Also, downslope transport through mass-wasting and other processes, result

ing in redistribution of-sediment from the high areas to the low, may have occurred. 

The absence of disturbed sediments in these relatively flat-lying sediments, however, 

implies that such effects are minor, except where locally evident. Reworking by bot

tom currents may also have occurred in the past, but bottom photographs showing 

numerous, neutrally buoyant organisms, and a surface layer of fine mud show that 

significant bottom currents are absent over most of the basin (figure 56). The 

significant variability in sediment thickness and hence sedimentation rates over some 

of the elevated regions reveals that draping of hemipelagic sediment is not uniform, 

and other sediment sources may be locally significant.

Over the central, low, broad ridge between Rift and Central basins, the sediment 

thickness and sedimentation rates are fairly uniform, over wide areas. On this basis, 

the author infers that predominately hemipelagic deposition occurred during this 

period over that area. A significant trend of thickening towards the south also 

implies that some turbidlte or other bottom flowing contribution from a southerly or 

southeasterly source is likely. Locally thin sediment cover is found over low, topo

graphic peaks, where bottom Sowing turbidites are less likely to reach, and locally
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Figure 56. Deep Tow bottom photograph showing muds with burrows and deep-sea 

creatures. Scale Is approximately the same for each photograph. Absence of current 

marks and presence of numerous benthlc organisms, burrows and trails Imply that 

bottom currents are generally low In this area. (Photo courtesy of R. Tyce and C. 

deMoustler).
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Figure 56. Deep Tow Bottom Photographs (Continued).
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Figure 56. Deep Tow Bottom Photographs (Continued).
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thick areas represent filled, former depressions of the ancient seafioor. Enhanced 

current flow due to  the Bernoulli effect over and around the topographic peaks may 

also inhibit sedimentation in these areas (Johnson and Johnson, 1970).

A similar, relatively fiat, elevated region at the south edge of the mapped iso- 

pachs shows greater variability in sedimentation. This region is bounded by topo

graphic ridges along Its northern and southern margins, which have relatively thin 

sediment cover, and in places, exposed acoustic basement (figure 54d). The smooth, 

relatively flat tops of the low ridges along the southern edges of Central Basin show a 

thin layer of almost acoustically transparent sediment above Horizon 1 (figure 54). 

Horizon 1 Is very faint as well, implying that almost 'pure* hemipelagic deposition has 

occurred at this spot, although some erosion or overbank turbidlte deposition may 

occur sporadically. South of this ridge, an elongated, west-trending region of rela

tively thicker sediments is observed. This pattern follows the topographically 

deepest parts of the area and may delineate a channel being filled by turbldites or 

other bottom following sediment flows. At the southwestern end of this channel, a 

topographic high is found, which also shows sediment thickening between horizons 

(figure 54d). The significance of this feature is discussed in more detail In a later 

section.

The deeper, enclosed basins show the greatest sediment thicknesses. These are 

also the regions where onlap against the basin margins of the numerous, closely- 

spaced, multiple, parallel reflectors within the basin (facies 1), is observed in high- 

resolution seismic profiles. Such data are inferred by the author to identify ponded 

turbldites filling these basins. In general, the deepest parts of the basins are also the 

locations of the thickest deposits, although these basins have relatively fiat horizontal
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floors. The deepest part of Central Basin is approximately In the center of the basin, 

whereas the northern Rift Basin Is deepest adjacent to the fault scarp along its 

northeastern margin. The thickening of sediments of this basin adjacent to the fault 

scarp as well as the present topographic low In the same area may demonstrate that 

this basin has continued to deepen, slightly faster than sediments can All it (to a hor

izontal level).

Rift Basin is separated Into two halves by the northeast-trending 25 m isopach. 

The deeper, more thickly sedlmented southeastern part has a small, but consistent 

trend of topographic deepening and sediment thickening toward the fault bounded 

northeast margin. The author proposes that this Is the more recent, tectonically- 

active part of the basin. The northwestern half has a  more uniform sediment thick

ness and depth, although a narrow, trough of somewhat deeper bathymetry and 

thicker sediments, aligned along the base of the fault scarp, may represent local tec

tonic deepening (or filling of an older channel?). An east-trending tongue of thin sedi

ments near the northwest margin of this basin may be interpreted as a relative 

thinner sediment cover over an ancient submarine slump or debris flow deposit. The 

3.5 kHz profiles show a region of thickening and disruption (back tilting) of Internal 

reflectors in this region (figure 57) which is consistent with the burled slump 

interpretation. The deeper Isopachs (Unit 2) show thickening in this area along this 

trend.

The 3.5 kHz data show only thin, isolated pockets of youthful sediment lying 

above acoustic basement on the scarps and elevated parts of Fortymile Bank. Deep 

Tow 4 kHz data across the ‘shutter ridge' between the main fault scarp and North 

San Clemente Basin in the central mapped area also show only isolated patches of
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Figure 57. HIgh-resolution (3.5 kHz) seismic profile across Rift Basin showing near 

surface sedimentary features. Note the two major course changes (C/C) along the 

profile (see figure 51 for profile location).
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thin, acoustically transparent sediment lying over acoustic basement and older sedi

mentary deposits which themselves show erosional truncations at the surface. These 

areas of negligible sediment cover have, therefore, undergone significant periods of 

either erosion or non-deposition, because no significant layer (> 5  m) of hemlpelagic 

drape is apparent. Perhaps significant tidal or other bottom currents have inhibited 

deposition on these slopes. Current ripples observed by Moore (1969) during a sub

mersible dive into San Clemente Rift Valley showed that significant bottom currents 

have occurred locally, during the recent past. Even so, Lonsdale (1979) reports that 

the steep slopes of a scarp along the San Clemente fault near Navy Fan are covered 

by silt}' mud, and no outcrops were visible although acoustic profiles indicated trun

cated beds of layered sediment.

Unit 2 Sedimentation Patterns

Isopachs of Unit 2, sediments between the middle triplet acoustic horizon, and 

the second prominent horizon discussed previously, show patterns spatially similar to 

the overlaying Unit 1 deposits (figure 58). Basins show thickest sediments whereas 

elevated regions show less, and steepest slopes generally have no recent sediment 

cover. A broad area of relatively uniform thickness is apparent over the central area 

where the broad, low ridge is located. As in Unit 1, Unit 2 sediments here also 

thicken uniformly toward the south, and local pockets of thicker sediments are 

apparent. These locally thicker areas are roughly coincident with shallow, surface 

channels in some cases (along the east edge of the low ridge) and may represent chan

nel filling by bottom following sediment flows such as turbldites or mudflows. A simi

lar elongate, west-trending thick sediment area is located along the southern part of
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Figure 58. Isopachs of Unit 2, the sediment layer between the middle of the Triplet 

and Horizon 2. See figure 55 for additional information.
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the region between the low ridges in the ancient channel described previously. The 

low, elongate ridges again have relatively thin, acoustically transparent sediment 

layers between the major horizons, whereas in the deeper regions, hlgh-resolutlon 

seismic data show other continuous, parallel reflectors between these major horizons. 

An exception Is a t the end of the southern, elongate channel where a thick ‘lobe’ of 

sediments Is associated with a topographic mound (figure 54d).

Sediment thicknesses In Central Basin are again greatest at the center, and thin 

uniformly toward the margins. Rift Basin is shown to have two areas of thicker sedi

ments separated by a northeast-trending ridge of thinner sediments. The southern 

half of the basin has thickest sediments adjacent to the fault flanking the eastern 

margin. The northern half seems to have the thicker sediments aligned along two 

trends, one northwestward, parallel to the fault and the other, east-trending, sub

parallel to the ridge of thin sediments. A thick lobe of sediment along the western 

margin of the basin is Inferred to represent a local debris flow or slump deposit.

Bottom Samples

Two piston cores from North San Clemente Basin have been studied previously 

In some detail (Emery and Rlttenberg, 1952; Crouch, 1952; Orr, Emery and Grady, 

1958; Emery, 1960; Emery and Bray, 1962). Both were located in the deepest parts of 

North San Clemente Basin and sampled about three meters of sediment. Figure 59 

shows a comparison of the two cores as described by these investigators, including 

the median grain size and Foram iniJera  data (Crouch, 1952), of core 1984. The 

most significant features of these two cores, relevant to the present study, is that 

both contain sand layers. Grading bedding above the sand layers is implied by the
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Figure 59. Comparison or core logs for two piston cores obtained from the North 

San Clemente Basin (after Emery and Rittenberg, 1952; Crouch, 1952; and Orr and 

others, 1958). Sediment type, microfauna and median grain size are shown at several 

Intervals for core 1984. Sediment type and radiocarbon age are shown for core 4670.
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grain size profile for core 1984. Crouch (1952) notes that reworked Miocene Foram- 

in ifera  were present throughout this core, and abundant mica was present In Its rela

tively barren, lower half. These data demonstrate that turbidity currents have pro

vided a significant amount of the late Quaternary sediment In this basin. Emery and 

Rittenberg (1952) propose that these turbidity currents are of local origin, coming 

from the offshore banks, in this case, San Clemente Island or Fortymlle Bank.

LATE QUATERNARY SEDIMENTATION IN NORTH SAN CLEMENTE BASIN

Origin and Estimated Ages of the Aeoustic Horiioni

Horizon 1 is represented by the middle reflector of a series which Is most com

monly observed as a triplet. In following these reflectors along the different 

reflection profiles, the basic character, as a triplet, Is generally unchanging, allowing 

Identification of this sequence over most of the survey area. Details or this pattern, 

however, are observed to change, with Intermediate reflectors appearing and disap

pearing, and in some cases, one or another of the main triplet reflectors disappears. 

The spacing between the triplet reflectors also varies, generally being widest In the 

low-lying areas. This reflector behavior Is similar to the observations made by Mayer 

(1980) using synthetic seismograms with a real reflection coefficient log from the 

equatorial Pacific. In his experiments, various strong reflectors, representing an 

acoustic interference pattern from the many closely spaced, weakly reflecting inter

faces of the seafloor sediments, changed character, faded and disappeared as the 

layer thicknesses incrementally increased. Most of these reflectors did not mark 

specific llthologic boundaries, although the entire pattern resulted from the closely-
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spaced layers of varying acoustic properties.

The author proposes that the triplet observed over much of the survey area is 

also such an interference pattern resulting from a specific sequence of thin sedimen

tary units of varying acoustic properties. Thin graded turbidlte beds interlayered 

with hemipelagic sediments would be one likely sedimentary sequence having this 

character. Alternatively, variability in hemipelagic sedimentation caused by climatic 

changes could also produce such a thin, layered sequence.

An approximate age for the unit is estimated by applying the average Holocene 

sedimentation rate determined by Emery (i960). Examination of the 3.5 kHz data in 

North San Clemente Basin where the dated core was obtained, and at the appropriate 

water depth of the core because some navigational errors are likely, the three prom

inent reflectors of the triplet are at depths of 17, 23, and 32 m, using the 1500 m/sec 

interval velocity of Hamilton and others (1974). Using a method described by Moore 

(1969) these depths are corrected for compaction, yielding 20, 28, and 38 m, and 

approximate ages computed using the average sedimentation rate. Ages of 64,000, 

92,000, and 126,000 years B.P. are obtained, showing that sediments in the middle of 

the trip let (Horizon 1) are about 100,000 years old. The approximate age of the bot

tom of the trip let is very close to that of a  major glacial stage boundary, predicted 

from oxygen isotope data (Shackleton and Opdyke, 1976; Broecker and van Donk, 

1970). An age of 128,000 years B.P. was estimated for this boundary by Shackleton 

and Opdyke (1973, 1976) assuming a  constant sedimentation rate at their western 

equatorial Pacific core site. The uplifted Nestor marine terrace in the San Diego 

area also has a similar age (Kern, 1977; Lajole and others, 1979). Other uplifted ter

races on San Clemente Island appear to be correlative as well (Muhs, 1979).
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Unlike the triplet, Horizon 2 Is a relatively strong, distinct, single reflector 

throughout the survey area. The Intensity of this reflection decreases significantly 

only where it is more deeply burled, such as under the ponded basin turbldites, yet 

this reflector remains apparent as a  distinct horizon. Furthermore, over the crests 

of the low ridges In the southern part of the survey area, this horizon remains as a 

strong, distinct reflector while the triplet fades to Imperceptlbllity on the Deep Tow 4 

kHz records (figure 54). Because of the strong, continuous character of this reflector, 

the author asserts that it represents a significant discontinuity In the sediment 

column, and possibly a disconformity. It seems to outcrop along the flank of the low, 

west-trending ridge on the south margin of Central Basin (figure 54a) and, therefore, 

could be sampled by submersible or other well-located sampling device.

Following the procedure described previously, the age of this horizon is 

estimated as approximately 220,000 yrs B.P. Again, this is close to a major stage 

boundary estimated at 251,000 years B.P. (Shackleton and Opdyke, 1976; Broecker 

and van Donk, 1970). Uplifted marine terraces of similar age are recognized from 

San Onofre to Newport Beach on the mainland (Lajole and others, 1979), and on the 

Palos Verdes Hills (Muhs and Rosholt, 1984).

Significant temporal changes In sedimentation patterns or rates may be associ

ated with these horizons. Dunbar (1981) found that terrigenous sedimentation rates 

increased significantly on the margin of South San Clemente Basin during the 

Pleistocene-Holocene deglaciation. He estimated that the deglaciation event lasted 

about 3000 years using oxygen and carbon isotope ratios in F  orm am inif era from a 

piston core taken in that area. Normark and Piper (1972) concluded that Navy Fan 

formed by relatively rapid sedimentation during glacial periods when sea level was
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lowered and the Coronado submarine canyon was active. The sedimentation declined 

significantly during lnterglaclal periods of high sea level. Data In this study show 

significant spatial variability in late Quaternary sedimentation rates. The coincident 

ages among the acoustic horizons and known Pleistocene sea-level events, as shown by 

the uplifted marine terraces, may be of real significance, Implying that significant 

changes in sedimentation patterns occurred In association with these eustatlc sea 

level changes. The ancient, possibly accelerated, coastal erosion evident from the 

elevated marine terraces may be directly correlated to more rapid deposition in the 

offshore basins, evident as acoustic horizons. These acoustic horizons may be associ

ated with enhanced turbldlte deposition.

Sedimentation Patterni in North San Clemente Baiin

The spatial patterns of sedimentation can be Inferred from the data discussed 

above, and a  sedimentation model for the area proposed. The deeper basins have the 

thickest accumulations of sediment representing the highest average rates of deposi

tion. Ponding of sediment, sand beds and reworked microfauna of Miocene to Recent 

age observed In piston core samples demonstrate sediment influx by turbidity 

currents in North San Clemente Basin. San Clemente Rift Valley was proposed by 

Ridlon (1969) to be a major conduit for influx of such sediment from the San 

Clemente Island area. Other sources may have been more important in the southern 

part of the survey area. North San Clemente Basin turbldites may be of Identifiably 

different composition or character than turbldites derived from a direct continental 

source, such as via Coronado submarine canyon to Navy Fan.
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The elevated areas of low relief surrounding the deeper basins have relatively 

slower rates of deposition shown by thinning of sequences between prominent acous

tic horizons. The low relative sedimentation rates, general acoustic transparency 

between major horizons, and significant acoustic penetration achieved In hlgh- 

resolution seismic profiles over the highest of these low ridges (figure 54) Imply to the 

author that predominately hemipelagic sedimentation is occurring In those places. 

The relatively uniform isopach values and sedimentation rates over the broad, low 

ridge between Rift and Central basins Imply tha t this area has also received a drape 

of predominately hemipelagic sediments during late Quaternary time.

Values of sedimentation rates and Isopachs Intermediate between those of the 

rapidly filling ponded basins and thinly covered, higher elevated ridge tops, coupled 

with the presence of distinctive sequences or continuous, parallel reflectors seen In 

acoustic profiles may signify that some layered sediment sequences are present In 

these low, elevated areas. The southward Increase of sediment thickness in the cen

tral area Is possible evidence of a northward flow of some sort contributing additional 

sediments to this area. This flow has generally either been unable to overtop the 

1850 m bathymetric contour and deposit sediments, or occasional erosion of these 

elevated areas has reduced the overall sedimentation rate to the observed low values 

on the ridge tops.

At some time In the past, however, rapid deposition along some of these low 

ridges occurred formed the thick deposits observed in the Deep Tow 4 kHz profiles 

(figures 54). Thus, these ridges are herein considered to be deposltlonal in origin and 

their lobate shape is similar to that of deposltlonal lobes observed on submarine fans 

(Normark and others, 1979). Alternatively, they may represent mudflow lobes which
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reached the area from the steep slopes flanking the basin. One lobe Is a t the end of a 

former, partially filled channel delineated by the west-trending, elongate thickening of 

isopachs for both Units 1 and 2 (figures 55 and 58). Deep Tow 4 kHz data crossing 

this lobe show greater local deposition to have occurred prior to the deposition of 

Horizon 2 (figure 54d), although the relative thickening of Unit 2, (and even Unit 1) 

over this ridge may imply that some process of enhanced sedimentation has contin

ued to occur at this place, although at a slower rate. This pattern of sedimentation is 

consistent with deposition of a sediment lobe at the end of a leveed channel. Lateral 

migration of the channel occurs subsequently, and overbank deposition on top of the 

old lobe forms a levee for the new channel.

Sea Beam and hlgh-resolution seismic reflection profiles are used by to the 

author to propose an interesting progression of this postulated lobe to levee and 

channel migration pattern. The low ridges along the southern margin of Central 

Basin are herein postulated to be depositional lobe/channel levees. The northern lobe 

shows a possible episode of Increased deposition prior to the deposition of Unit 2, 

and in fact, significantly earlier than the deposition of the westernmost lobe dis

cussed above. The Deep Tow data show a thick lens of sediment below a prominent 

acoustic horizon approximately 10 m below Horizon 2 (figure 54). Acoustic basement 

is evident below this, limiting the acoustic penetration over this ridge. The 3.5 kHz 

data over the same ridge do not record such a prolonged echo from this acoustic 

basement horizon as is commonly observed where bedrock is exposed (figure 47). It 

is, therefore, possible that this may be a coarse-grained sediment horizon rather than 

a bedrock horizon. Coarse-grained sediments in the area may imply that submarine 

fan-like turbidlte deposition has occurred. A small outcrop of this horizon is
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apparent from the Deep Tow 4 kHz profiles (figure 54). The apparent sediment lens 

above this horizon may be the final episode of lobe deposition on this feature before 

channel migration occurred.

Depoiitional History

The acoustic stratigraphy and bathymetry are used by the author to propose the 

following model of the depositional history in this area. First, a major sediment lobe 

was deposited at the southeast end of Central Basin. Subsequent turbidity currents 

flowing through the channel leading to this first lobe were unable to overtop this lobe, 

and were therefore diverted around it (cf., fan growth model of Normark and others, 

1979). Although the deeper basin to the north provided a good site for subsequent 

deposition, for some reason, the channel migrated to the south. Menard (1955) postu

lated that such southward (leftward) migration of deep-sea fan valleys was due to a 

thickening of the right side of turbidity currents under the influence of the Coriolis 

force forming higher levees on this side in the northern hemisphere. The author pos

tulates that right-slip along the San Clemente fault may also have contributed to 

southward channel migration, that is, the main source channel, across the fault, 

moves relatively southeastward during the fault movements.

Additional, coarse-grained(?) sediment lobes were deposited at the ends of the 

migrating channel when large turbidity currents swept through. Overbank deposition 

continued to build the northern levees until these reached a height that such flows 

could not reach their tops. These overbank flows continued to fill Central Basin with 

muddy, interchannel turbldites, while the more coarse-grained, basal sediment flows 

of the turbidity currents built additional lobes a t the end of the channels. The last
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lobe to be deposited, at least according to the author's data, is the westernmost, 

although a channel continues to the south into an area where no data were available. 

This ‘suprafan-like’ building process was shut off, however, when the Triangular 

Basin pull-apart formed and deepened, trapping the subsequent coarse-grained sedi

ments coming from the postulated upper fan valley to the east.

Sea Beam data show a well-incised channel lying to the east of Triangular Basin. 

This channel is a good candidate for the postulated upper fan valley which controlled 

the suprofan growth postulated above. A possible levee along the south side of this 

channel is present, but the northern wall Is not elevated above the surrounding slopes. 

Therefore, the author infers that the present channel is eroslonal, and not deposi

tional. Subsidence of the pull-apart would lower the base level for this channel and, 

therefore, initiate downcutting of the older, perhaps originally depositional channel. 

Other channels and possibly leveed valleys across this slope area are shown by the 

Sea Beam data but the one described above presently lies closest to the postulated 

channel-levee-lobe system west of the San Clemente fault.

This channel system may also have provided occasional large turbldlte flows 

that reached the broad, low ridge area between Rift and Central basins. The postu

lated levees are breached in two places, as shown by the bathymetric data. The avail

able Deep Tow 4 kHz data crossing these ‘breached’ areas, however, do not show ero- 

sional truncations of any reflectors within the upper 40 to 50 m of resolvable data 

(including Horizons 1, 2 and a third approximately twice as deep as #2). Eroslonal 

truncation of reflectors is Indicated in the Deep Tow high-resolution profiles crossing 

the northern edge of these levees (figure 54a).
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Timing or the large turbidity currents may be indicated by the prominent acous

tic horizons, if these horizons do, in fact, represent periods of enhanced turbidite 

Influx. The similarity between the estimated ages of these horizons and known, 

major eustatic sea level changes also may demonstrate an interesting correspondence 

between the sedimentation patterns and these eustatic events.* Alternatively, 

enhanced tectonic activity may have triggered numerous large slope failures, on the 

nearby escarpments, which reached the basin as mudflows or turbidity currents.

Extending the depositional model proposed above, the author proposes that the 

low, broad ridge separating Central and Rift basins is an older, presently Inactive 

suprafan complex. This feature is convex upward In radial profiles, characteristic of 

suprafans (Normark, 1970; Normark and others, 1979). A leveed channel Is apparent 

at the eastern, and topographically highest edge of the broad ridge. Other smaller 

channels are apparent across the surface, although the resolution of the Sea Beam 

system does not allow accurate mapping of those smaller than about 100 m wide or 

less than 10 m deep. A larger, southeast-trending channel follows the base of the 

steep, basement ridge (shutter ridge) flanking the east side of the proposed suprafan 

deposit. Southward projecting topographic highs, with iobate form project from this 

channel into Central Basin.

The overall shape of this proposed suprafan also makes a right-angle bend 

southward and forms the western margin of Central Basin. Southward migration of 

leveed fan valleys forming southward-bending submarine fans is commonly observed 

along the west coast of North America (Menard, 1955). Deep penetration seismic

* Note that the elevated banki, Fortymile and Boundary, presently lie below wave baae, and 10, would 
only be luieeptible to enhanced erosion during periods of lowered sea level, when they would be affeeted by 
wave or possibly subaerial erosion.
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reflection data of Junger and Vedder (1980, personal communication) Indicate post- 

Miocene undeformed or post-orogenlc sediments are buttressed against a burled, near 

surface, northwest-trending fault along the western margin of this feature. Deflection 

of turbidity currents or mudflows flowing down the postulated fan surface by a scarp 

associated with this fault could also be responsible for this bend in the ‘fan’ shape. 

Later deposition could cover the scarp, with overbank deposits forming another levee, 

while the channel continued to be diverted southward. Finally, since active fan depo

sition on this surface ceased, a thick, predominately hemipelagic drape now overlies 

the old suprafan surface. As discussed previously, some bottom flowing sediments, 

presumably large turbidity currents or mudflows from nearby slope failures would 

cause more rapid deposition in the former channels.

Although the existence of the proposed buried suprafan Is not yet confirmed, 

data or Junger and Vedder (1980, personal communication) are consistent with the 

model proposed. Their post-Miocene sediment lsopach map (figure 60) shows the 

regional depositional pattern for a  significantly longer period than the two late 

Quaternary maps presented herein. The overall sedimentation pattern shown by 

their map Is roughly similar to that described herein with the locus of deposition in 

the deepest basins, especially the Rift Basin. Structural control of sedimentation Is 

also shown, by buttressing of thick sediment fill against faults, and basement folds. 

The thick pocket of sediment at the western edge of Central Basin and buried fan 

implies that a deep hole has almost been filled by the postulated fan sediments, leav

ing only Central Basin as a  remnant. The thinning of these sediments toward the 

northeast, in an upslope direction may show that the postulated suprafan built out

ward onto a westward dipping older, basement slope, which may outcrop as the
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Figure 60. Post-Miocene lsopach map or Junger and Vedder (1980, personal commun

ication) In the region of North San Clemente Basin. Only a Tew deep penetration 

seismic profiles cross this region and so details in the shape of the Isopachs are 

somewhat speculative. Circles and dots Identify sample localities, and the age of the 

sampled material Is identifies by an appropriate symbol (see Vedder and others, 1974, 

for explanation of map symbols). Bathymetry shown Is from the NOS (1974) charts 

1206N-15 and -16.
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shutter ridge. This feature may be truncated to the southwest against the buried, 

northwest-trending fault which has dammed the westward flowing fan turbldites. 

Although these deposits are considered post-Miocene by Junger and Vedder (1980, 

personal communication), if the average sedimentation rate reported by Emery (1960) 

were valid for this entire interval of sedimentation, then the bulk of these deposits 

could be Pleistocene In age.

Displacement Along the San Clemente Fault

If the above model of submarine fan growth and subsequent isolation has vali

dity, then some important conclusions regarding the tectonic movement history of the 

San Clemente fault can be derived. Because the present position of the old upper 

suprafan channel now abuts the acoustic basement scarp of the San Clemente fault, it 

must have been displaced from its original source, that is, from the upper fan valley. 

San Clemente Island and Fortymile Bank are located to the north and west of the 

proposed suprafan, and so no likely upper fan valley candidates may be found for 

many tens of kilometers to the northwest, along the fault.

To the southeast, the incised channel lying east of the San Clemente fault and 

the Triangular Basin pull-apart, however, may be the ancestral upper fan valley. If 

these channels were once continuous, then they provide a valid piercing point, and a 

right-lateral offset of about 10 km is exhibited. Because considerable time has 

elapsed since the proposed suprafan was active, one may not expect its former upper 

fan valley to still be topographically displayed at present. In fact, the blocking of the 

old upper fan valley by the shutter ridge would cause a major shift In the active chan

nel, possibly filling the old channel with deposits from subsequent turbidity currents
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dammed by the shutter ridge. Some of these ponded sediments may have been car

ried along with the shutter ridge during later fault movement and now underlie the 

relatively flat top of this ridge along its central segments.

The last possible place for the old suprafan channel, upper fan valley to connect 

before being blocked by the shutter ridge Is at the southern edge of Fortymile Bank, 

where the bedrock-sediment contact Is located. High-resolution seismic data from 

this study do not cross this area, and so one can only estimate this contact based 

upon the bathymetry. Since the abandoned channel abuts the fault scarp at the level 

of the 1700 m contour, the approximate basement contact Is selected at the point 

where the 1700 m contour curves eastward, away from the fault scarp. This location 

also lies along a northeast-trending lineament formed by a sharp bend In the bathy

metric contours, from east-trending to south-trending, seen in the Sea Beam data 

(plate 4). In as much as this would be the closest the extinct upper fan valley could 

be to the offset suprafan valley, a minimum right-lateral displacement of about seven 

kilometers Is indicated.

The age of the proposed inactive upper suprafan valley Is unknown, as yet, so 

that a reliable slip rate cannot be determined from the available data. A minimum 

age can be estimated, however, by assuming a constant, average, late Quaternary sed

imentation rate over the inactive suprafan. All of the acoustic reflectors shown In 

the 3.5 kHz data are parallel to each other, characteristic of a primarily hemipelagic 

drape overlying an uneven lower horizon. Using the previously determined ages for 

the triplet and Horizon 2, and correcting for compaction, the thickness of sediment 

overlying the lowermost reflector above the postulated suprafan (64 increased to 89.6 

m), an age for this deepest horizon can be estimated. The values determined vary
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from 428 to 586 ka, depending on which shallower horizon Is used for a reference age.

Using 0.5 Mya as a rough estimate for the minimum age of the last suprafan 

deposition and a minimum offset of seven kilometers, an upper bound of 14 mm/yr 

for the slip rate on the San Clemente fault is obtained. This value Is an order-of- 

magnltude greater than any previous estimate of slip rate for this fault (Bird, 1982). 

Other estimates for the lateral slip can be obtained from the offset of the other 

‘hypothetical' deposltlonal lobe/channel systems south of Central Basin which have 

been displaced smaller amounts. The northern lobe/levee Is covered by a  relatively 

thin layer of hemipelaglc(?) sediments. An age or 412 to 540 ka is estimated for the 

acoustic horizon atop the sediment lens which Is Interpreted to represent the last 

major sediment lobe deposition. The westernmost and youngest postulated lobe 

shows 10% to 20% thickening between Horizon 2 and the triplet, implying tha t active 

suprafan(?) deposition occurred as recently as 126 to 222 ka. The northernmost and 

westernmost, older, burled channels which connected these lobe/levee systems to the 

upper fan valley, which Is now present as a well-incised channel on the northeast side 

of the Triangular Basin pull-apart, are offset 2.3 km and 1.7 km, respectively. Thus, 

rough slip rate estimates of 4.6-S.6 mm/yr and 7.7-13.5 mm/yr, respectively, are 

determined from these data.

The slip rate estimates are based upon many assumptions which are speculative 

at present. The rate of sedimentation in the area has been shown to vary by up to an 

order-of-magnitude, both spatially and temporally, in the region during late Quater

nary time. The postulated suprafan deposltlonal lobes and channel levees need to be 

sampled to determine their true character. Lastly, the postulated upper fan, with its 

leveed valley and slopes also must be sampled, and additional high-resolutlon seismic
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profiles from these areas, not available for the present study, need to be collected. 

Then, data correlating fan valleys, distributary channels, lobes and levees may be 

found, and reliable tectonic slip rates determined.

Growth Model of a Tectonieally Controlled Submarine Fan/Slope Apron and Movement 

Hiitory of the San Clemente Fault

Based upon the preceding discussion, a simple model of late Quaternary move

ment on the San Clemente fault and growth of a sediment starved(?) submarine fan* 

can be constructed (figure 61). In the first stage, Boundary Fan was young, and 

formed directly across the San Clemente fault. In the early part of this stage, the 

fan valley emptied directly into Rift Basin (figure 61a). While this basin deepened 

continuously, due to tectonic movement on the San Clemente fault zone, It formed a 

laterally restricted, deep hole Into which fan turbldltes became ponded, and a well- 

developed fan morphology was unable to form. Later In this stage, as the shutter 

ridge continued Its northwestward movement along the San Clemente fault, Boundary 

Fan built outward and southwestward across the northern flank of the shutter ridge 

forming the suprafan (figure 61b). The pronounced left, southward hook of this fan 

resulted from a  combination of construction of large fan valley levees on the northern 

side of the channel, because of the Coriolls effect (Menard, 1955), dextral strlke-sllp 

fault movements, and damming of these deposits by the now burled fault scarp on the 

western side of Rift Basin (Junger and Vedder, 1980, personal communication; figure 

60). The last major turbldite deposition on this suprafan occurred just prior to the 

blocking of the upper fan valley by the shutter ridge.

* Hereinafter th ii feature i> referred to as the Boundary Fan, located west of Boundary Bank, straddling 
the U.S./Mexieo border.
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Figure 61. Palinspastlc reconstructions showing model history or rlght-slip on the 

San Clemente fault zone (SCFZ) and growth of Boundary fan/slope apron (BF). San 

Clemente Island (SCI), the shutter ridge (SR), Blake and San Salvador Knolls, and 

Triangular Basin (TB) are all identified, and delineated approximately from the Sea 

Beam and other bathymetric contours. See text for explanation of details of growth 

and displacement history.
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m m m
'i^*VvVlviV>^s3,fi^i7iT»- 1-f?

;;r if t

BASIN

Right-Slip = 18.9 km

'V/i<jv5i*v'v%Vx3
v 'v V ' V ' V ' S ' "  iV^/.y^Vk

t  »J1 V; ?£-. ftS' ~»i'.ft Ui ■

BASIN



274

Figure 61. Pallnspastlc reconstructions (Continued).
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During the second stage, the shutter ridge blocked off the northernmost upper 

Tan valley, diverting the active fan valley around the southeast end of the shutter 

ridge (figure 61c). Ponding of sediments In the old valley behind the shutter ridge 

occured. A new suprafan began to form at this time within the deeper area south of 

the shutter ridge. This basin was restricted, however, to the south by the Blake and 

San Salvador knolls. The Corlolls effect and the rlght-sllp along the San Clemente 

fault again caused higher, better developed levees to form along the north side of the 

fan distributary channels which extended westward across this region. The shutter 

ridge and these levees blocked direct fan growth Into the region southwest of the 

shutter ridge, and so Central Basin is being slowly filled today by hemlpelagic, and 

possibly turbidite overbank deposition.

In the latter part of the second stage, the western lobe was deposited, and the 

gradient across the suprafan surface flattened. The levees and deposltional lobes, 

plus the other elevated features to the south almost encircled the suprafan area, so 

that the northern levees became breached by turbidity currents allowing increased 

deposition in Central Basin. The timing of this breaching is not constrained by the 

available data and may have occurred before deposition of the western lobe, or later 

during the final stage.

In the final stage, the Triangular Basin pull-apart formed, and deepened to a 

level where coarser sediments flowing down the upper fan valley were trapped when 

they entered the basin (figure 61d). The finer-grained, or more energetic parts of the 

turbidity currents were able to flow beyond the pull-apart, and either cross the north

ern levee breaches into Central Basin, or travel farther west, and south Into other, 

adjoining basins. The upper fan valley became incised into the fan surface due to the
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lowering of its base level by the deepening pull-apart basin. Other lateral shifts In 

the upper fan valley may have occurred, turning more southward to deposit sediments 

into the northern end of Navy Basin. The data available for this study show that a 

prominent seailoor scarp along the San Clemente fault has not been incised by such a 

channel leading into this area (plate 4).

Meanwhile, hemipelagic deposits draped relatively evenly over the elevated 

parts of the formerly active suprafan. These hemipelagic deposits are occasionally 

interbedded with sediments from large turbidity currents which surmount the low 

relief of the entire North San Clemente Basin. Slumps and other slope failures also 

contributed to the basin sedimentation, although apparently at a much lower overall 

rate, except locally, than the turbidltes or hemipelagic deposits. Bottom currents 

either eroded, scoured or inhibited deposition, as shown by the lack of youthful sedi

ments over acoustic basement In some areas, notably the steeper slopes and higher 

elevations of Fortymile Bank.

San Clemente Rift Valley was a second major conduit of turbidltes to Rift Basin 

throughout late Quaternary time, and a poorly developed fan may exist at its mouth. 

No well-defined leveed fan valley Is apparent in either the seismic profiles or bathy

metric contours. Cores from Rift Basin (Emery, 1960; Emery and Rlttenberg, 1952; 

Emery and Bray, 1962) show that turbidltes have been deposited within the area dur

ing Holocene time.
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SUMMARY AND CONCLUSIONS

Sea Beam data are most useful for Identifying the shapes as well as size of 

many Interesting seafloor features. Additional data, such as high-resolutlon seismic 

profiles, bottom samples, Deep Tow side-scan sonar and shallow penetration acoustic 

reflection profiles were used in this study to establish the character of mesotopogra- 

phy interpreted from the Sea Beam data. As more studies using Sea Beam coupled 

with these additional data sources are accomplished, characteristic shapes and pat

terns of seafloor mesotopography may be better correlated with specific seafloor 

geomorphic processes such as tectonic activity or sedimentation processes. In some 

cases, careful bottom sampling is still necessary to test hypotheses made regarding 

some of the significant features.

Non-tectonic features recognized in the study area include channels, some with 

levees, small basins and other closed depressions, slides and slumps, terraces both 

depositlonal and eroslonal, basement outcrops and other peaks, and postulated sub

marine fan (‘suprafan’) depositlonal lobes. Submarine channels may be depositlonal 

or erosional in nature, and high-resolutlon seismic data have been most useful in 

identifying the character of many channels. In as much as depositlonal channels, 

such as deep-sea fan, upper fan valleys are usually elevated above the surrounding 

slopes, Sea Beam data are adequate to identify such features. Similarity, incised 

channels lie below the adjacent seafloor.

Two types of basins were observed in this study: (1) tectonically formed; (2) 

deposltionally formed. The tectonically formed basins, such as Rift, Triangular and 

Navy basins are bounded, on at least one side, by prominent fault scarps. The thick

est sediment accumulations, as shown by high-resolutlon seismic data, are adjacent
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to the faults, and not necessarily centered in the topographic depression. The flat 

floors of these basins, and onlap observed in seismic profiles, are characteristic of 

ponded sediment fill, probably turbidltes. In some cases, small closed depressions at 

the edges of these basins, are aligned with the inferred fault trace and are believed to 

be tectonic sags. Other relief around the margins of these basins Includes sediment 

slump or debris flow masses and lobes, small-leveed channels, and other mesotopogra- 

phy not resolvable with Sea Beam.

One large non-tectonic basin, Central Basin, was examined in this study. It was 

apparently formed by depositlonal processes. The basin developed where sedimenta

tion was restricted, whereas high rates of sedimentation from turbidite Influx on the 

surrounding sides enclosed Central Basin. Most recently, ponding of overbank or 

basin plain(?) turbidites are Ailing the deeper Central Basin more rapidly than the 

surrounding areas of low relief. If these sources of turbidites are cutoff by continued 

fault offset, this basin will remain at Its topographically lower position as the entire 

area receives a slow, relatively uniform drape of hemipelagic sediments. Modification 

of this sedimentation pattern may occur due to other bottom currents, or slope 

failure sedimentation processes.

Elevated features of low, gentle relief were also observed, and hypotheses for 

their origins were presented based upon the Sea Beam and high-resolution seismic 

data. The lobate shape of some of these features and their proximity or association 

with modern and buried channels Implied to the author that these are depositlonal 

features associated with growth of a  submarine fan or debris flow slope apronf?). 

The Normark (1974) fan model was used to develop this hypothesis because Navy Fan 

(Normark and others, 1979; Smith and Normark, 1972) Is located within 50 km of our
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survey area. In this model, the convex-upward suprafan surface, composed of 

coarse-grained sediment (sand?) depositlonal lobes are interpreted to underlie a t 

present a drape of late Quaternary hemipelagic sediments. The most recent of these 

lobes may be identified by thickening of an acoustic (sedimentary) unit between 

prominent acoustic horizons. This thickening is proposed to represent more rapid 

accumulation of sediments, locally, a t the end of a partially filled, leveed channel. 

The resulting elevation of the seafloor at this depositlonal lobe caused a lateral shift 

of the channel, so that subsequent deposition occurred at the end of the new channel.

If this sequence of deposition occurs over an extended period of time, a large, 

convex upward, suprafan develops which heads a t a major, upper fan valley, distribu

tary system. The broad, low ridge between Rift Basin and Central Basin is inter

preted to be an Inactive suprafan, which has been cutoff from Its upper fan valley, 

turbldite source by 7 to 10 km of rlght-sllp across the San Clemente fault. A drape 

of hemipelagic sediments a t least 50 to 100 m thick now covers this feature, so that 

sampling with standard piston corers would not penetrate the postulated suprafan 

deposits. The truncated upper fan valley at the head of this feature, however, may 

have been kept clear of hemipelagic deposits by bottom currents focused at the base 

of the San Clemente fault scarp, so that carefully positioned piston cores could sam

ple these deposits. Deeper penetration, high-resolutlon seismic reflection profiles 

may also provide data useful in establishing the identity of this feature.

Both surface ship 3.5 kHz and Deep Tow 4 kHz seismic reflection data were 

used to map sediment thicknesses (isopachs) between the seafloor and two prominent 

acoustic horizons. Although the actual nature of these acoustic horizons In the sedi

ment column Is not yet known, their lateral continuity over hundreds of square
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kilometers supports the author’s assumption that they are isochrons. The lateral 

variability of the sediment thicknesses shown by these maps show significant spatial 

variations In sedimentation during late Quaternary time, and correlations of sediment 

thickness (sedimentation rate) with bathymetry and seafloor morphology support 

several conclusions made by the author regarding the modes of sedimentation active 

in the different areas.

The thickest accumulations, and hence greatest sedimentation rates, are gen

erally located in the deeper basins and other depressions. Also, the fiat basin floor 

and presence of multiple, continuous, closely-spaced parallel reflectors which lap onto 

the basin margin seen in acoustic profiles, are evidence of sediment ponding within 

the basin. Based on these observations, the author proposes that a substantial part 

of the basin sediments are turbidites. Piston cores from Rift Basin are in agreement 

with this hypothesis. The ridges with low, gentle relief have relatively thinner accu

mulations of young sediments, whereas the higher elevations and steepest slopes are 

relatively uncovered by young sediments. Deposition of a relatively uniform drape of 

hemipelagic sediments covers most of the low ridges, although some larger turbidity 

currents add overbank(?) or levee deposits to some of these features, giving them 

intermediate sediment thicknesses and sedimentation rates. Bottom currents may 

have kept the steep slopes and higher elevations of Fortymile Bank relatively clear of 

young sediments.

The acoustic horizons themselves, may represent measureable episodes of 

enhanced deposition. Their estimated ages, assuming a constant, average, late 

Quaternary sedimentation rate for Rift Basin, are similar to major Pleistocene 

interstadials determined from deep-ocean piston cores. Dunbar (1981) found
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enhanced sedimentation during the glaclal/interglacial marine transgression at the 

beginning or Holocene time, for nearby South San Clemente Basin. Prominent acous

tic horizons evident in the high-resolutlon seismic profiles may correlate with similar 

eustatic sea level events of the Pleistocene epoch. Future work to investigate these 

features may provide better methods for determining sedimentation rates and abso

lute ages of acoustic horizons for marine geological studies without requiring expen

sive seafloor drilling.
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CHAPTER 7 

STRUCTURAL GEOLOGY AND TECTONICS 

OF THE INNER BORDERLAND

INTRODUCTION

The California Continental Borderland Is geologically a complicated part of the 

broad boundary between the North American and Pacific tectonic plates. This study 

describes the structural geology of the inner part of the California Continental Bor

derland, from Santa Catalina Island to Punta Collnett (figure 1) and the post late 

Miocene tectonic style of deformation for this region. Implications regarding present 

day tectonic activity of the region, based upon studies of the local earthquake activity 

(Legg, 1980) are also included for comparison with the geological data. Finally, con

straints Imposed upon numerous models already proposed for the late Cenozoic tec

tonic evolution of the California Continental Borderland and the Pacific-North Amer

ican plate boundary are discussed.

The Inner Borderland,* of this study, and described by Moore (1969), "is essen

tially contained within the region shoreward of the fault paralleling and adjacent to 

the western side of San Clemente Island". Although Moore (1969) considered the 

Inner Borderland as an extension of Peninsular Ranges structure, data presented by 

the author, (chapters 2 and 4, this volume) demonstrate that the Inner Borderland is a 

distinct physiographic and structural province. The primary structural and physio

graphic character of the Inner Continental Borderland consists of several sub-parallel

* In this study, California Continental Borderland refers to the entire region from Pt. Conception to the 
Viscai'no Peninsula. Inner Borderland refers to  the inner part of the California Continental Borderland, as 
defined by Moore (1969) and the author (chapter 2, this volume) for this study.
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ridges, banks, islands and troughs which trend northwesterly, sub-parallel to the 

coastline and the Pacific-North American plate boundary. Previous investigations of 

the geology of this region recognized this character and proposed its tectonic origins, 

relating the steep, roughly linear escarpments to faulting (Shepard and Emery, 1941; 

Krause, 1965).

The tectonic evolution of the California Continental Borderland was compli

cated, progressing from a convergent plate boundary with the subduction of the 

Farallon plate on its western side, to the modern strike-slip tectonics of the San 

Andreas fault system, which represents the transform fault boundary between North 

America and the Pacific (Atwater, 1970). The transition between the subduction and 

transform fault tectonics involved the passage of the Rivera ridge-trench-fault triple 

Junction and the Mendocino fault-fault-trench triple junctions past or possibly 

through the California Continental Borderland during middle Tertiary time (Atwater, 

1970). Postulated Instabilities of the Rivera triple Junction as it migrated southward 

are inferred to account for much of the geological complexity of the California Con

tinental Borderland (McKenzie and Morgan, 1969; Dickinson and Snyder, 1979). Blake 

and others (1978) also relate the timing of offshore basin formation In the California 

Continental Borderland to the passage of the triple Junction. They proposed that 

progressively younger basin formation occurred to the south and east.

Other models of the tectonic evolution of the California Continental Borderland 

include complex reorganization of elongate basement blocks or slivers in a right- 

lateral shear couple and clockwise rotation, as indicated by paleomagnetic data, of 

these blocks in the Transverse Ranges and vicinity, (Luyendyk and others, 1980; 

Crouch, 1979). Large scale horizontal movements involving dextral strike-slip along
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major northwest trending fault zones (Howell, 1974, Crouch, 1978) or obllque(?) nor

mal slip associated with east-west extension (Yeats, 1976) have also been postulated. 

Another proposed model Involves convergent wrench faulting along deep seated shear 

zones separating relatively Intact, crustal ‘miniplates' (Junger, 1976).

Post-Miocene tectonics of the Inner Borderland are generally considered to 

Involve wrench faulting along several prominent, northwest-trending shear zones, 

(Harding, 1973; Junger, 1976; Nardln and Henyey, 1977; Greene and others, 1979; Legg 

and Kennedy, 1979) and clockwise rotation of Santa Cataline Island (Luyendyk and 

others, 1980). Estimates of late Quaternary strike-slip rates across California Con

tinental Borderland faults range from a few millimeters per year (Yeats, 1973; Ken

nedy, 1975; Bird and Rosenstock 1984; Jordan and others, 1985) to a significant frac

tion (20-30% or 10-20 mm/yr) of the overall Pacific-North American relative plate 

motion (Anderson, 1979; Weldon and Sleh, 1985). Few measurements of strike-slip 

offsets on Inner Borderland faults are available owing to the obvious difficult of 

confirming real piercing points on sumbarine faults. Furthermore, detailed mapping 

of geologic structures over large areas of the California Continental Borderland, 

especially to the south, offshore of Mexico, have yet to be accomplished, so that many 

active tectonic features which play an Important part in the regional tectonic history 

are yet unrecognized.

Howell and Vedder (1981) describe four terranes of contrasting stratlgraphic 

succession across the northern half of the California Continental Borderland, two of 

which are located in the area of this study. They consider that basement rocks of 

Franciscan-like assemblages underlying the western terrane are juxtaposed against 

crystalline (?) basement rocks of the Peninsular Ranges underlying the eastern terrane
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along an undefined structural discontinuity within the Inner Borderland. The ances

tral Newport-Inglewood fault zone has been proposed to form one part of this terrane 

boundary (Howell and Vedder, 1981). Other faults, mapped for this study, may mark 

this terrane boundary to the south.

g e o l o g ic  s t r u c t u r e  o f  t h e  in n e r  b o r d e r l a n d

Detailed marine geophysical surveys of the Inner Borderland west of northern

Baja California demonstrate that the region is underlain by two, major, northwest-

trending, right-lateral wrench fault systems: (1) San Clemente; and (2) Agua Blanca

(figure 25, plate 3, chapter 4, this volume). These fault systems are delineated by one

or more relatively long and continuous, narrow, primary wrench fault zone. High-

resolution and moderate penetration seismic profiles show that these fault zones dis- 
•*

place late Quaternary submarine fan and basin deposits, and unconsolidated surficial 

deposits of the continental shelf and slopes (chapter 4, this volume). Seafloor relief 

is evident along most parts of these fault zones including scarps from a few to over 

1000 m high. Dextral shear Is indicated by local convergence, expressed as folding 

and upthrusts in association with left bends or more westerly-trending fault seg

ments, and divergence expressed as sagging and pull-apart basin formation along 

more northerly trending or right-stepping, en echelon, principal fault traces.

San Clemente Fault Syetem

The San Clemente fault system lies along the western part of the Inner Border

land and Is delineated by the San Clemente-San Isidro fault zones. Together, these 

form a long (>300 km), narrow (<5-10 km), continuous zone of faulting, linked 

through a major left bending, 'transpressive' fault segment. This divergent wrench
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fault character Is expressed in seismic profiles as ‘negative flower' structure (figures 

7( 9 and 26; Harding, 1985) and In map view as a zone of subparallel, branching and 

anastomosing, fault traces flanked by monoclinal flexures which dip in toward the 

fault zone. In some areas, small apparent grabens are between major fault strands 

(figure 9). En echelon sags between right-stepping en echelon fault traces are also 

shown in detailed seafloor topographic (Sea Beam) data (figure 15, chapter 2, this 

volume). Locally, the San Isidro fault zone is delineated by single, linear fault traces, 

which strike N40‘W and juxtapose dissimilar acoustic stratigraphlc successions 

(figures 9 and 27). These segments are Interpreted as parallel wrench faults showing 

pure strike-slip. Also, short (=s:5km) left-bends in the principal fault trace along the 

San Isidro fault zone are convergent, as shown by the folding and uplift of originally 

flat-lying sediments across and adjacent to the principal fault traces (figure 8).

The central, 'transpresslve', left-bending segment of the San Clemente-San Isi

dro fault zone is marked by a broad zone of folding and reverse faulting. Upthrusts(?) 

displace the seafloor adjacent to  the large, seafloor scarp associated with the main 

fault trace (figure 62). Folds are oriented subparallel to the principal fault trace in 

this area, and the intensity of folding and secondary faulting increases both toward 

the center of the bend, and with depth in the seismic section (figures 6, 7, and 35). 

Although the uplift associated with the convergence Is roughly symmetrica] at the 

southeast end of the bend, It is markedly asymmetrical toward the northwest, with 

the northeast side rising up and presumably over(?) the southwest side (figure 35, line 

B-15). This asymmetry may result from the tectonic transport from the south of 

relatively fiat-lying turbidltes. The deposits on the northeast side of the bend are 

relatively stationary, with respect to the bend, and would suffer more relative
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Figure 62. HIgh-resolution (3.5 kHz) seismic profile showing upthrusts along the 

transpressive section of the San Clemente-San Isidro fault zone (see figure 4 for loca

tion).
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shortening (because they are always in the region or convergence). Turbidltes on the 

southwest side of the bend may initially have been deposited in basins along the 

extensile, San Isidro fault zone, and experience shortening only when they are tech n 

ically moved into the bend region. Other factors, perhaps including dissimilar base

ment rocks juxtaposed across the fault, may also be relevant In developing the asym

metry. A small, shallow, north-trending graben along the eastern side of the trans- 

presslve ‘bulge’ may show the local directions of principal strain (figure 63).

The northern section, the San Clemente fault zone, is delineated by a set of 

N35'-40-‘ W-trendlng, generally right-stepping, en echelon fault traces (figures 25 

and 27). A major, right step In the vicinity of Navy Fan (figure 25) is associated with 

a long, narrow graben In which turbidites of Navy Fan have been ponded (figure 10; 

also, Normark and others, 1979). Across this graben the southwestern fault changes 

from a high angle, predominately strike-slip fault showing little vertical separation to 

a relatively low angle (cs:45 * dip to the northeast), predominately dip-slip fault. The 

low angle fault is interpreted to merge at depth into the near vertical, northeastern 

fault trace (figures 10 and 28, chapter 4, this volume). Sea Beam data show that the 

northeastern fault Is marked by prominent scarps in both bedrock and unconsoli

dated^) slope deposits (plates 4 and 5). The southwestern flank Is the San Salvador 

Knoll.

At each right step, or small change in fault strike, small basins are formed, 

representing pull-apart origin in a dextral wrench fault zone. Unlike the Navy Fan 

pull-apart graben described previously, these other small pull-apart basins, including 

North San Clemente Basin, are interpreted to be half grabens or trap door struc

tures, bounded by a hlgh-angle fault on their northeastern sides, and by monoclinal
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Figure 63. Hlgh-resolution (3.5 kHz) seismic profile showing a small graben on the 

flanks or the bulge associated with the convergent part of the San Clemente-San Isi

dro fault zone (see figure 4 for profile location).
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downwarplng or the basin sediments into the fault zone, on the southwestern side so 

tha t the thickest deposits are adjacent to the fault (figures 44, 55, 58 and 60). No en 

echelon fault overlap is evident from the Sea Beam contours or high-resolutlon 

seismic profiles at these right steps.

Major branch faults are associated with both the northern and southern sec

tions of the San Clemente fault system. The Junger fault diverges (plate 4, chapter 5, 

this volume) from the San Clemente fault in the vicinity of the San Clemente Rift 

Valley and trends southeastward across the flanks of Fortymile Bank. It is marked by 

an 1100 m high scarp which forms the southwest flank of Fortymile Bank, and so Is 

probably associated with significant dlp-slip. Seismic profiles across these steep 

(> 3 5 ’ -45*) slopes are unable to resolve the sub-bottom structure adjacent to the 

fault and, In fact, are not able to resolve the seafloor along the slope.

To the south, another long (c±:50km), straight, branch fault, delineated by a 

major scarp, bounds San Isidro Ridge and merges with the San Isidro fault at the end 

of the San Isidro Rift Valley. Fault drag apparent In the flat-lying, ponded turbidltes 

of the Ensenada Trough, (figures 8 and 26) adjacent to this fault, implies that normal 

fault movements have occurred. Also, the San Isidro Ridge Is Inferred to be a west

ward tilted fault block. Continued movement throughout late Quaternary time Is evi

dent by the increasing amount of drag within the ponded sediments of the Ensenada 

Trough. Interaction between these faults is consistent with Crowell’s (1974) interpre

tation of fault wedge tip kinematics, modified by the regional east-west extension 

across the Ensenada Trough associated with divergent wrench faulting on the San Isi

dro fault (figure 64).
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Figure 64. Diagram showing how regional extension combined with fault Interaction 

and vertical movements at the tips of wedges between intersecting strike-slip faults 

can explain the fault pattern and seafloor relief in the vicinity of the Ensenada 

Trough (modified from Crowell, 1974). Hachures delineate regions of elevated 

seafloor. The regional extension is a result of divergent wrench faulting along the 

San Isidro fault zone.
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Overall, the offshore San Clemente fault system Is remarkably similar to the 

San Andreas fault system (figure 65). Both are long and continuous, and the main 

zone of faulting Is confined to a narrow band only a few kilometers wide. Both consist 

of major, roughly linear northern and southern fault segments which are linked by a 

major, convergent, left bend (restraining bend) In the fault zone. The large right step 

of the San Clemente fault and associated Navy Fan pull-apart basin, located north of 

the major left bend in the fault, is similar to the San Gabriel fault and the Ridge 

Basin during an earlier, phase of activity on the San Andreas fault system. The simi

larity between these two major, active fault systems Implies that additional detailed 

study of one fault zone may lead to  important insights regarding the tectonic develop

ment of the other.

Agua Blanca Fault Syitem

The Agua Blanca fault system Is a complex zone of northwest- trending dextral 

shear, delineated by three or more, subparallel, principal, wrench fault zones. The 

westernmost, San Diego Trough-Bahi'a Soledad fault zone, In the area of this study, 

consists of relatively long and continuous (c?50km), through-going fault traces which 

cut the Quaternary sediments and locally the seafloor of the nearshore basin trough. 

The main trace of the southern, Bahi'a Soledad fault, trends approximately N 50' W 

(figure 25 and 27, plate 3) and the consistent up-to-the-southwest offset coupled with 

a small fold implies that some convergence on this predominately strlke-slip fault has 

occurred (figures 7, 26 and 31). The San Diego Trough fault, however, trends more 

northerly (N30"W) and is Interpreted to be a parallel wrench fault In general, 

although locally, a t small fault bends or en echelon offsets, minor vertical components
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Figure 65. Comparison of the San Andreas and San Clemente fault systems. The 

pattern of faulting for both systems is similar, and many major physiographic 

features surrounding these fault systems have similar configurations, too. For exam

ple, the position of the Sierra Nevada, a region of thickened crust is roughly similar 

to that of the Thirtymile, Boundary and Navy Banks in relation to the major left 

bends in the fault systems. Also, the Salton Trough and the Ensenada Trough are 

regions of active subsidence due to regional extension associated with divergent 

wrench faulting at somewhat different scales. Note the difference in the scale for 

each fault system (for a comparison at the same scale, see figure 29).
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of movement are evident. The San Diego Trough fault lies along the axis of the San 

Diego Trough and is generally marked by a single main fault trace in seismic profiles 

(figure 10, also cf. Moore, 1969, plate 8).

The Coronado Bank-Agua Blanca fault zone is more complicated than the fault 

zones described above. Numerous discontinuous, subparallel, right- and left-stepping, 

en echelon and anastomosing fault segments, often associated with significant struc

tural relief, mark this central fault zone of the Agua Blanca system (figure 25). This 

fault zone disrupts presumed late Quaternary and possibly Holocene sediments of the 

shelf and nearshore slopes including the seafloor in places (Legg and Kennedy, 1979; 

Kennedy and others, 1980). Typically, two or more, subparallel, principal fault traces 

are observed in seismic profiles along the Coronado Bank fault zone (figures 5, 6 and 

35 also cf. Kennedy and others, 1980), and numerous minor branch and secondary 

faults can also be seen. The Agua Blanca fault (north branch of Allen and others, 

1960) passes offshore along the north side of Punta Banda where it marks the steeply 

dipping contact between basement rocks of the peninsula, Islas Todos Santos, and the 

thick fill of sediments in Valid Mandadero and Bahi'a Todos Santos. Numerous 

elevated marine terraces on Punta Banda, Islas Todos Santos, and around Punta 

Santo Tomds imply that substantial uplift has occurred along these coastal sections 

of the Agua Blanca fault system. The Agua Blanca fault makes a sharp turn from Its 

N60 ‘-65 * W strike along Punta Banda to a more northerly (N 25 '-35 'W ) strike east 

of Islas Todos Santos (figure 25, plate 3). The fault zone is rather complex from 

Bahi'a Todos Santos to Loma Sea Valley, and two or more main fault traces are 

mapped; one lies along the east flank of the fiat-topped and almost burled Descanso 

Ridge and Coronado Shelf, and the second lies along the axis of the sediment filled
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trough between the Coronado Bank-Descanso Ridge and the mainland (figure 25, plate 

3).

Nearshore zones of faulting, marked by the Newport-Inglewood-Rose Canyon 

fault zone to the north, and by the Descauso-Estero fault zone to the south, trend 

subparallel to the coast and pass onshore near San Diego and Ensenada, respectively. 

The southern, Descanso-Estero fault zone is inadequately defined by the few 

nearshore seismic profiles obtained across its trace, but generally is shown near the 

coastal shelf break, which has been buried from Punta Descanso to Point Loma. 

Numerous north-trending faults in the San Diego Bay and offshore bight may be asso

ciated with fault interaction in a right-stepping, en echelon fashion between the Rose 

Canyon and Descanso fault zones. Additional tectonic complexity in the San Diego- 

Tijuana area is possible, as a result of the Impingement of the northwest-trending 

San Miguel-Vallecltos fault zone into this area, which has been inferred to connect at 

depth with the Rose Canyon fault zone (Legg and Kennedy, 1979, Brune and others, 

1979). Right-lateral shear is proposed to account for the alternating structural lows 

(Mission and San Diego Bays) and highs (Mount Soledad and Point Loma) along the 

broadly sinuous trace of the Rose Canyon fault zone through the San Diego area 

(Kennedy and others, 1980; Kennedy and Welday, 1980). Right-lateral offsets of sub

marine canyons (La Jolla, Coronado, Banda and Salispuedes) are also Inferred to be a 

result of movement along fault zones of the Agua Blanca system.

In the vicinity of Ensenada and Punta Bunda, the pattern of faults of the Agua 

Blanca system resembles that of the Alpine-Marlborough fault zones in New Zealand 

(figure 36). The overall pattern is that of a single, narrow, primary fault zone, that is 

transpeninsular Agua Blanca or Alpine, which branches into several splays that trend



obliquely from the main fault trace. The main fault along its principal trend eventu

ally dies out with slip being transferred to the other faults (Freund, 1974). In New 

Zealand, a  change in tectonic movement, such that oblique convergence on the Alpine 

fault is accomodated by strike-slip on the Marlborough fault system has been 

Inferred to  explain the fault configuration (Arabasz and Robinson, 1976). In Baja 

California, however, the transpeninsular Agua Blanca fault Is not known to be associ

ated with significant oblique slip (Allen and others, 1960), and the offshore faults of 

the Agua Blanca system also generally are Interpreted herein to be parallel wrench 

faults. The large structural relief along parts or the Agua Blanca fault system may 

however, imply that episodes of significant oblique- or dip-slip occurred. In particu

lar, structural relief where the Agua Blanca fault system passes offshore near Ense

nada is presumably related to the change in fault orientations or ending of fault seg

ments with predominately strike-slip, similar to the northern end of the Imperial 

fault. Alternatively, vertical movements associated with fault interaction between en 

echelon or subparallel fault strands may cause this relief (e.g. figure 64).

OFFSHORE FAULT TRENDS AND THE INNER BORDERLAND STRUCTURAL 

PROVINCE

As seen in figure 25 and plate 3, the north to northwest trends of the Inner 

Borderland faults are distinctly different from those of the Peninsular Ranges. For 

this reason, the author concludes that the Inner Borderland Is a distinct structural 

province as previously inferred by others including Gastil and others (1975). These 

fault trends fall into two main groups, one about N30'  W and the other about N40'  W 

(figures 25 and 27). The eastern and southern fault zones including the San Diego
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Trough, Coronado Bank and San Isidro have the N30'  W trends. The westernmost, 

Including the San Clemente fault zone has a N40 * W trend. Both offshore trends are 

a t least 10 * more northerly than the trends of the nearby fault zones In the Peninsu

lar Ranges. Several possible explanations for these different fault trends may be pro

posed.

Kamerllng (1984) postulated that the change In fault trends from N22’W along 

the Patton Escarpment to N50 * W along Peninsular Ranges faults showed that the 

orientation of faulting rotated 28 * counterclockwise as the locus of faulting along the 

North American continental margin shifted from west to east. Data described above 

showing that the easternmost faults of the Inner Borderland have a more northerly 

trend than those to the west is inconsistent with Kamerling's (1984) model. Alterna

tively, the easternmost faults of the Inner Borderland, with the more northerly 

trends, may have rotated 10 * clockwise, relative to the San Clemente fault zone, In a 

manner similar to that proposed by Luyendyk and others (1980) for the northern 

Channel Islands Including Santa Catalina. Kamerllng (1984) points out that San 

Clemente Island, and the other southern Channel Islands, except for Catalina, show 

no significant rotation based upon paleomagnetic data.

Another plausible explanation Is that both sets of fault trends formed contem

poraneously under the same tectonic regime, that is, dextral wrench faulting along an 

underlying trend subparallel to the Pacific-North American plate boundary. The 

differing strikes would then be inferred to show the different types of shears observed 

In wrench faulting experiments (cf. Tchalenko, 1970; Wilcox and others, 1973; 

Bartlett and others, 1981). For example, the N30’W-trending faults may be con

sidered synthetic Riedel or R shears, and the N40"W-trending faults, either P or
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principal displacement (Y) shears. Because the orientation of transforms predicted 

for present-day Pacific and North American llthospheric plate Interaction is N40’W 

at this location (Minster and Jordan, 1978), the author considers that the San 

Clemente fault zone, with Its N 40 'W  trend, exhibits the modern trend of wrench 

faulting, and the more northerly-trending fault zones exhibit synthetic shear along 

older, pre-existing fault trends. These other fault zones, such as the San Diego 

Trough, Coronado Bank and San Isidro, are not considered Riedel shears in a larger 

wrench fault zone because each exhibits the character of a fully developed wrench 

fault on its own. This, character is best demonstrated by the relatively long, straight, 

narrow and continuous nature of the principal or main fault traces (figures 25 and 

27). Furthermore, the branch and secondary faults of each major zone shows orien

tations consistent with the Riedel and other secondary shears observed during wrench 

fault experiments (figure 27; Tchalenko, 1970; Wilcox and others, 1973; Bartlett and 

others, 1981).

Two additional possible explanations for the two distinct fault zone orientations 

evident in the Inner Borderland are proposed here: (1) two different ages of faulting, 

with reactivation of older faults along a trend of favorable orientation for the newer 

shear direction; (2) differences in shear angle due to differences in crustal rheology or 

possibly different levels of faulting such as llthospheric versus upper crustal. Argu

ments presented here in favor of the first explanation include the observation that 

the N30*W trend of the Inner Borderland faults is parallel'to  the axes of the 

nearshore basins and troughs (chapter 4, this volume). Thus, these physiographic and 

tectonic features may have similar origins. Furthermore, the N30’ W trend is also 

parallel to the line of Santilldn and Barrera (1930) described by Gastil and others
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(1975) as the hinge line between emergent Peninsular Ranges and submerged Califor

nia Continental Borderland physiography during late Cretaceous time. Also, the 

principal structural trend of the prebatholithic rocks of the Baja California penin

sula is N30’W (Allen and others, 1960; Gastll and others, 1975).

Moore (1969) considered that the major northwest-trending fault zones were 

formed during middle Miocene time and reactivated in Pliocene and Pleistocene time. 

Considering how remarkably parallel this NSO’W trend is to the older, late Creta

ceous and even prebatholithic structural trends, over large distances (possibly reach

ing half of the length of Baja California), the author proposes that these nearshore 

fault zones are reactivated along ancient, possibly Mesozoic structural discontinui

ties. The N30‘W trend Is very close to the present-day transform direction, and 

therefore such reactivation is reasonable. The San Clemente fault zone, with its 

N40 ’ W trend, is considered a younger system, and does seem to cross-cut some of 

the more northerly trends (figures 23 and 25), although this fault system is diverted 

along the N30 * W-trending San Isidro fault zone to the south. The divergent wrench 

fault character of the San Isidro fault zone is consistent with the younger, more 

westerly-trending slip direction of the present-day plate boundary.

Lastly, different levels of faulting may be involved, such as lithospheric-scale, 

plate boundary faulting or shallow, up'per-crustal, block faulting. The eastern, more 

northerly-trending faults are possibly associated with relatively shallow, upper- 

crustal faulting over an unidentified detachment surface. The author proposes that 

the divergence between the trend of epicenters along the Coronado Bank fault zone 

and the mapped fault traces (figure 66) is possible evidence for such a detachment. 

Also, the complexity of faulting within the Agua Blanca fault system may be evidence
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Figure 66. Seismicity of the Inner Borderland. Only epicenters for earthquakes with 

Mj^>2.5 have been plotted in order to present a more homogeneous sampling of 

activity throughout the region. The principal, late Cenozoic faults are also shown for 

comparison with trends in earthquake locations. The greatly expanded southern Cal

ifornia seismograph network allows recording and location of the epicenters for most 

events with M ^>2.5 in the southern California area. The accuracy of the locations 

is generally poor in the offshore region, although relative locations are more reliable 

so that spatial trends in selsmlciity may be of real significance. Data are from the 

Caltech seismological laboratory (plot courtesy of G. Stewart).
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or the disaggregation of the upper crust in a broad, but shallow shear zone. 

Numerous detachment faults have been described throughout the southern California 

region (Yeats, 1983) and the abundant evidence of ancient subduction along the Cali

fornia continental margin (Howell and others, 1980; Howell and Vedder, 1981) are con

sistent with such an interpretation.

The author proposes that the San Clemente fault system may be a llthospheric 

fault, delineating the boundary between tectonic plates or microplates. The relatively 

simple, narrow, long, straight and continuous character of the San Clemente-San Isi

dro fault zones, compared to the Agua Blanca fault system, is more typical of major 

transform fault systems. Also, the trend of seismicity associated with the San 

Clemente fault system seems to follow more closely the mapped fault traces than 

does the Coronado Bank trend (Figure 66) although the epicenters are poorly located. 

The data regarding all of the above hypotheses regarding the origin and development 

of fault trends in the Inner Borderland are presently inconclusive, so that no single 

model or combination of models can be presented as fact.

Fault Geometry And Kinematici

Data and assumptions regarding fault geometry and character are used to pro

vide criteria which define kinematic models of the complicated North American - 

Pacific tectonic plate boundary. Several kinematic models of the tectonic deforma

tion within the California part of the plate boundary have been proposed (Anderson, 

1979; McKenzie and Jackson, 1983; Bird and Rosenstock, 1984; Minster and Jordan, 

1984). Differing conclusions regarding the relative Importance of California Con

tinental Borderland faults in contributing to the overall plate motion have been put
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forward. The data of the present study are used by the author to provide additional 

constraints on possible models for the late Cenozoic, mostly Quaternary regional tec

tonics.

The first simplifying assumption considered in this, and also the previous stu

dies (Anderson, 1979; McKenzie and Jackson, 1983; Bird and Rosenstock, 1984; Min

ster and Jordan, 1984) is that of a two dimensional geometry. In the present study, 

plane geometry is a reasonable assumption for small areas such as southern Califor

nia and the Inner Borderland. Fault movement in this simple, two dimensional model 

is defined by the horizontal projection of the slip vector (hereafter referred to as the 

slip vector), and vertical movements are considered unimportant. As shown by the 

data described above, the major Inner Borderland faults are strike-slip in character, 

and vertical movements, although locally significant, are not generally important. 

Regional vertical movements associated with the large scale divergent or convergent 

wrench faulting will not be considered in the present study although they may be 

Important. The major wrench faults of this study are assumed to be vertical, and so 

the slip vector is parallel to the fault strike. Orientations of slip vectors for the 

oblique-slip fault zones are determined from local segments of faults that are deter

mined to be ‘parallel’ or ‘pure’ strike-slip in character (chapter 4, this volume). A 

block tectonic model is considered, assuming the deformation to be localized along 

the major fault zones, and the in tem ning  areas considered as rigid blocks. McKen

zie and Jackson (1983) have considered models of distributed shear, and some of their 

conclusions relevant to the present study are also considered. The thickness of the 

blocks is not considered important in the simple plane geometry model herein, 

although Bird and Rosenstock (1984) propose a model with block thicknesses
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substantially thinner than the overall thickness of the lithosphere in most places.

Magnitudes of the slip vectors are not generally known for the submerged faults 

of the Inner Borderland. Previous studies (Anderson, 1979; Bird and Rosenstock, 

1984; Minster and Jordan, 1984, Jordan and others, 1985; Weldon and Sieh, 1985) 

have proposed widely varying estimates of late Quaternary slip rates for faults 

offshore of southern California. Values ranging from negligible (ssl-2 mm/yr) to 

significant (10-20 mm/yr, or 20% - 33% of the overall North American-Pacific rela

tive plate motion) have been estimated. Even without knowing the magnitudes of the 

slip vectors on the principal offshore faults, important conclusions regarding the 

kinematics of plate boundary or microplate(?) tectonics within the Inner Borderland 

and the southern California region can be made using the more readily determined 

slip vector orientations. In addition, using reasonable assumptions regarding crustal 

fault rheology, for example, friction coefficients and failure criteria, it is possible to 

develop useful conclusions about the stress field within the plate boundary zone of 

deformation.

Inner Borderland Faulti

Systematic variations in the orientations of the slip vectors for the major Inner 

Borderland fault zones are shown in figure 67 and Table 3. In general, slip along the 

San Clemente fault system is determined to be N40’W, parallel to the predicted 

relative plate motion vector for the Pacific-North American plate interaction in this 

area (Minster and Jordan, 1978). Slip vectors for other fault zones in the Inner Bor

derland and the Peninsular Ranges are observed to deviate significantly from the 

predicted direction of relative plate motion. In particular, the San Diego Trough
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Figure 67. Map showing Inferred orientations of horizontal slip vectors for faults In 

the Inner Borderland and vicinity. Data used to Infer these slip vector orientations 

are listed In Table 3. The direction of movement of the block on the northwest side 

of the fault Is shown, and Is expected to be subparallel to the direction of relative 

movement of the Pacific llthospheric plate with respect to North America (I.e., 

azN40 ‘ W In this region according to Minster and Jordan, 1978).
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Table 3. Tectonic stress orientation indicators in the Inner Continental Borderland and vicinity.

Site Nn Location
r , 
Slip Vector 2Stress Regime 3

Principal Stress t,Type of Indicator Comments Reference

1 33° 11.4' N N48°H Strike-Slip S, - N18°W Earthquake Focal Borrego Mtn. Allen & Nordquist
116° 07.7' W Dextral Sj =■ N72°E Mechanism 9 April 1968 (1972)

2 33° 1 0 * N 830° -40°W Strike-Slip S.=N00o-10°W Fault Slip (EQ) Borrego Mtn. Clark (1972)
116° 09' H Dextral Sj=N80°-90°E 9 April 1968

3 33° 59.5’ N S25° -31°W Strike-Slip S «N01°-05°W Earthquake Focal Pta. Sallspuedes Legg (1980)
116° 55.0' W Sinistral (Obi. Normal) Sj”S85°-89°W Mechanism 10 April 1968

4 31° 56.3’ N S27Ss°W Strike-Slip S. ■= N03°W Earthquake Focal Pta. Sallspuedes Legg (1980)
116° 53.0' W Sinistral (Obi. Normal) S3  - S87°W Mechanism 10 April 1968

5 32° 06.7' N S27°W Strike-Slip S, = N03°W Earthquake Focal Pta. Sallspuedes Legg (1980)
116° 46.9' W Sinistral (Obi. Normal) S3 - S87°W Mechanism 23 April 1968

6 31° 45' N N60°W Strike-Slip S. - N10°W Fault Slip (EQ) San Miguel Shor & Roberts
115° 55’ W Dextral (Oblique?) S3 - N80°E Feb. 1956 (1958)

7 31o 45' N N69°W Strike-Slip S « N59°W Earthquake Focal San Miguel Hodgson & Stevens
115° 55’ W Dextral S3 - N48°E Mechanism Feb. 1956 (1969?)

8 31o 47' N N52°W Strike-Slip S. - N21°W Composite EQ Bahia Todos Gonzalez & Suarez
116° 40' H Dextral S3 - N67°E Focal Mechanism Santos 1981 (1984)

9 31° 37' N N63°H Strike-Sllp S. - N33°W Fault Strike Agua Blanca Allen & al. (1960)
116° 27' H Dextral S3 « N57°E (V. Maneadero)

1 0 32o 0 2 ' N Extension S -N05+10°W Graben San Clemente- Legg (1985)
117° 2 2 ' W (Local in SS) S3 -N85+10°E San Isidro F.Z.

1 1 32° 35’ N Extension S. - N15+2°E Graben San Clemente Legg & al. (1985)
118° 0 0 ' U (Local in SS) S3 - N75+2°E Fault Zone

1 2 32° 1 2 ' N Compression S = N78°W Young Folds San Clemente Legg (1985)
117° 27' W (Local in SS?) S3 = N12°E Fault Zone

13 32° 32' N N27°W Strike-Slip S. -N05-07°E Earthquake Focal Fortymile Bank Legg (1980)
118° 04' W Dextral (Obi. Normal) S3 -N85-87°W Mechanism 26 May 1973

14 32o 41' W N00-06°E Strike-Slip S. =N21-35°W Earthquake Focal Fortymile Bank Legg (1980)
118° 05' w Sinistral S3 **N56-66°E Mechanism 28 Oct. 1973



Table 3. (Continued)

Site N ). Location 5
r....  j.
lip Vector 2Stress Regime Principal Stress3

4
Type of Indicator Comments Reference

15 32° 45* N 
117° 59.9’ W

N04°W
Sinistral

Strike-Slip S, - N34°W 
S3 = N57°E

Earthquake Focal 
Mechanism

Fortymile Bank 
12 Jan. 1975

Legg (1980)

16 32° 43' N 
117 55' W

N80°-90°W
46°E-40°S

Extension 
Normal Oblique

S =N49-55°W 
S3  “N37-40E

Earthquake Focal 
Mechanism

Fortymile Bank 
18 Oct. 1976

Legg (1980)

17 32° 49' N 
118° 21' W

N20°-26°W
Sinistral

Strike-Slip 
(Obi. Normal?)

S = N53°W 
Sj =N34-36°M

Earthquake Focal 
Mechanism

San Clemente Isi. 
26 Dec. 1964

Legg (1980)

18 31° 49’ N 
117° 07' W

N02-04°W
Dextral

Strike-Slip 
(Obi. Normal?)

S. =N24-30°E 
Sj =N67-80°W

Earthquake Focal 
Mechanism

Decanso Plain 
22 Dec. 1964

Legg (1980)

19 31° 28' N 
116° 03' W

N65° -70°W 
Dextral

Strike-Slip S =N35-40°H 
S3 =N20-25°E

Fault Strike Agua Blanca 
(11. Agua Blanca)

Allen & al.(1960)

2 0 32° 30’ N 
117° 34* W

N29°W
Dextral

Strike-Slip S, = N01°E 
S3 « N89°H

Fault Strike San Diego Trough 
Fault

Legg (1985)

2 1 32° 34’ N 
118 0 2 ' W

N40°W
Dextral

Strike-Slip S, = N10°W 
S3 = N80°E

Fault Strike San Clemente Fault 
No. San Clemente 
Basin

Legg and others, 
(1985)

2 2 11° 33' N 
117° 00' W

N41°W
Dextral

Strike-Slip S. - N11°W 
S3 - N79°E

Fault Strike San Isidro Fault 
Ensenada Trough

Legg (1985)

23 31° 98' N 
117° 11' W

N41°W
Dextral

Strike-Slip S = N11°W 
Sj - N79°E

Fault Strike San Isidro Fault 
Decanso Plain

Legg (1985)

1. Slip vector inferred from fault slip data for earthquakes or known fault plane orientations. (Horizontal component)
2 . Stress regime inferred from type of stress regime indicator, e.g. strike-slip fault, or small graben are local 

indicators of the type of stress regime.
3. Maximum principal stress (S.) is inferred to be oriented 30 from the local slip vector, for strike-slip faults, 

and parallel- to the trends of small grabens, normal to the trend of young folds. The horizontal component is 
shown above, and in the region, where wrench faulting dominates the tectonics, the maximum and minimum stress 
vectors are approximately horizontal.

4. Geophysical or geological observation which provides an indication of the stress orientations. For this study, 
primarily fault slip data from earthquakes, earthquake focal mechanisms (body-wave), fault character and orien
tation and geologically youthful fold axes are used to infer the principal stress orientations.
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fault zone exhibits simple shear along a N30 * W trend. The San Isidro fault zone the 

south also has an overall trend of N 30'W , but is clearly divergent, and N40 * W Is the 

strike of the parallel wrench fault segments and therefore, the orientation of the slip 

vector for this zone. Thus, there Is a 10 * clockwise rotation of the simple shear slip 

vector, from south to north, and from west to east, across the Inner Borderland. 

Oblique convergence across the Inner Borderland fault zones of similar trends to the 

north (for example, San Pedro, Palos Verdes Hills, and Newport-Inglewood; Harding, 

1973; Buika and Teng, 1979; Fischer and others, 1977; Junger, 1976; Junger and 

Wagner, 1977; Teng, 1985) implies that this clockwise reorientation of slip and 

presumably strain and stress(?) axes occurs as far north as the Transverse Ranges. 

Also, the fault patterns to the north, approaching the Transverse Ranges, seems to 

become more complex with more diverse orientations (figures 25 and 69).

Penimular Ranges Faulti

Onshore, the orientations of the slip vectors of the major Peninsular Ranges 

fault zones, including the Agua Blanca, San Miguel, Vallecitos, Elsinore and San 

Jacinto are more westerly (N45 * -70 ’ W) than those of the Inner Borderland (figures 

25 and 69). The transition from Peninsular Ranges to Inner Borderland fault strikes 

occurs in a very narrow belt along the coast which marks, the boundary between these 

two structural provinces. Slip data for the major Peninsular Ranges faults show that 

predominately strike-slip has occurred (Allen and others, 1960; Clark, 1972; Sharp, 

1972; Kennedy, 1977), although oblique slip Is evident where systematic vertical 

offsets have been observed (Shor and Roberts, 1958). The general clockwise reorien

tation of the slip vectors towards the north is also apparent for these Peninsular
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Ranges faults, as the southernmost, Agua Blanca fault has a  N60’ -6 5 'W  strike 

onshore, whereas to the north, Elsinore and Coyote Creek faults strike N 45'-50*W  

(figure 25).

Earthquake Focal Meehaniiini

Earthquake focal mechanisms provide Instantaneous measures of the slip vector 

orientations for faulting within the Inner Borderland. In the simple model considered 

here, the horizontal projection of the slip vector, computed from earthquake body- 

wave first motions is used to infer the orientation of horizontal slip for several small 

to moderate earthquakes (M^ = 4-6) that occurred in the Inner Borderland (figure 67; 

Table 4; cf. figures 9, 10 and 12. Legg, 1980). Of the two possible fault plane solutions 

shown by first motion diagrams, the one containing the slip vector is constrained to 

be subparallel to aftershock seismicity trends or observed fault slip for earthquakes 

occurring onshore. Most of the offshore events, however have few well-located after 

shocks, and so the fault plane chosen is the one subparallel to the most prominent 

mapped fault traces In the area. Although these earthquake slip vectors are generally 

subparallel to the mapped fault traces, for example, Borrego Mountain, 1968, and 

Bahi'a Todos Santos, 1981, significant deviations are notable in the offshore area.

The events near Punta Salsipuedes are part of a small earthquake swarm. 

Although the slip directions seem anomalous, these mechanisms are consistent with 

sinistral, oblique, normal-slip on antithetic shears in a complex zone of northwest 

oriented, dextral wrench faulting. The alternate focal plane solution (N60*W) is sub

parallel to the fault trends of the major Peninsular Ranges faults but has a more wes

terly orientation than the mapped faults a t the coast.
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The 22 December 1964 earthquake has a slip vector oriented almost north-south 

and may be associated with the small, en echelon, right step in the San Isidro fault 

zone near the epicenter. The focal mechanism for this event is relatively well- 

constrained, although the epicenter is not well-located. The P-wave first motion 

diagram showed almost pure strike-slip on a near vertical fault plane (Legg, 1980).

An Important group of earthquakes with unexpected slip vectors are those 

located near San Clemente Island and Fortymile Bank (figure 67). As described by 

Legg (1980), these earthquakes showed first motions that were not consistent with 

right-lateral, strike-slip on northwest-oriented fault planes. Instead, left—slip on 

north- to northwest-trending, steeply-dipping faults or rlght-sllp on east-west trend

ing conjugate fault planes were exhibited. These focal mechanisms are well- 

constrained for the largest (M^=5.9, 26 December 1951) and the more recent (M^=4.7, 

12 January 1975) earthquakes in this area (Legg, 1980). Other events with focal 

mechanisms consistent with San Andreas fault system tectonics (26 May 1973 and 13 

February 1952 - not shown) imply that the region of anomalous slip lies between the 

southern tip  of San Clemente Island and the southern flank of Fortymile Bank. 

Unfortunately, data necessary for detailed mapping of the geologic structure of the 

Fortymile Bank region were not available for this study, so that association of these 

earthquakes with specific, possibly anomalous(?) geologic structure Is not possible at 

the present time. The few prominent faults which have been mapped In the area are 

generally northwest-trending (figure 25, plates 3 and 5). Furthermore, the geologic 

data show that rlght-sllp has been the domlnent mode of deformation along the San 

Clemente fault in this area during late Quaternary time (chapter 5, this volume). 

This apparent contradiction between geologic and seismologic data may be evidence
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of local complexity of short duratlon(?) In the tectonics of the Inner Borderland. 

Alternatively, a new pattern of movement, such as Incipient clockwise rotation of a 

small microplate or large crustal block delineated by the region of earthquake epi

centers with anomalous focal mechanisms may be developing. Additional data are 

needed to explain the source of this complexity.

Streas Trajeetoriei

Anderson (1951) discussed the formation of faults based upon Mohr and 

Coulomb failure criteria, and prescribed the orientation of the predicted fault planes 

and slip directions In relation to the principal stress directions. Since the earth 's 

surface Is largely traction free, he inferred that one principal stress would be verti

cal, and the other two lie in the horizontal plane for shallow crustal faults. In strike- 

slip regimes, the intermediate principal stress is vertical, and the major and minor 

stress axes are horizontal. The angle between the strike of the vertical fault plane 

and the maximum principal stress axis is less than 4 5 '.

Although the Anderson fault theory describes failure of intact, homogeneous 

material, it Is also useful for determining the most favorable orientations for slip on 

pre-existing faults within a given stress regime. For the simple, two-dimensional 

model of this study, horizontal stress trajectories, are Inferred from the fault orien

tations and earthquake slip vectors. Local deviations of these trajectories from a 

homogeneous stress field are identified and explained in terms of fault character and 

geometry where possible. Systematic regional deflections of stress orientations are 

also described and explanations for these variations are proposed based upon the 

regional tectonic framework. Unexplained variations in the principal stress orienta-
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tlons identify areas where additional data are especially needed to develop better 

models of the regional tectonics.

Geological indicators of the principal strain and Inferred stress directions are 

based upon the sense of slip on faults and the orientation of secondary features such 

as folds or extension fractures. For this study, only latest Cenozoic, mainly Quater

nary, features are considered, because the regional stress field is likely to have 

undergone substantial changes throughout the complex Cenozoic tectonic develop

ment of the region (Atwater, 1970; Crouch, 1979; Luyendyk and others, 1980). Slip 

directions for the pure strike-slip faults In the area are the major features used to 

infer the regional average stress orientations at the resolution and scale of this study.

Numerous observations have shown that the maximum principal stress is 

oriented approximately 30* to the strike of the fault plane for strike-slip faults 

(Moody and Hill, 1956). Although heterogeneity in the upper crustal rheology is 

likely, it. is assumed herein, as a first approximation, that the shear resistance of all 

late Cenozoic faults in the region is the same. Thus the maximum principal stress 

axes plotted (figure 68) are at an angle of 30* to the slip direction for the pure 

strike-slip faults. A test of these inferred stress orientations is provided by small, 

secondary structures located near the faults In the area.

A small, shallow graben displaces the seafloor near the major left bend of the 

San Clemente-San Isidro fault zone (figure 63, plate 3). The axis of this extensional 

feature has a N 05" W trend which Is close to the N10’ W trend of the inferred max

imum principal stress axis for the main fault traces of the San Clemente fault sys

tem. The slight misalignment of these two Inferred principal stress directions may 

be due to  local stress reorientation associated with fault interaction between the two
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Figure 68. Map showing inferred orientations of principal stress for the Inner Bor

derland and vicinity. The Anderson (1951) criteria of failure Is assumed, with a shear 

angle of 30* (I.e., the angle between the maximum principal stress and the fault 

plane). Data used to derive these orientations are listed in Table 3.
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major, offset linear segments of the San Clemente fault system. Segall and Pollard 

(1980), however, show that a 10* counterclockwiac rotation of the stress axes Is 

expected at left steps of en echelon, dextral, strike-slip faults. Alternatively, the 

small graben may be related to gravity sliding of the surficial sediments down the 

flank of the broad uplift associated with the left bend. The latter possibility is 

unlikely because the graben trends obliquely to the gentle (<5% ) slope gradient in 

this area. Also, no evidence of slope movement is observed on seismic reflection 

profiles adjacent to the feature. The assumed 30 * angle between the maximum prin

cipal stress axis and the fault plane may be Incorrect, and an angle of 45 * would yield 

consistent orientations of stress trajectories according to the static theory described 

by Segall and Pollard (1980).

Another small graben on the lower, southwest flank of Fortymlle Bank has a 

N15*W trend, (plate 5) which is also within 5* of the inferred maximum principal 

stress orientation for the main trace of the nearby San Clemente fault. This graben 

is in presumably older, acoustic basement rocks of Fortymile Bank and so may be 

associated with older fault movements. Its prominent geomorphic expression, how

ever, implies that it has a relatively youthful age. Other complications regarding the 

stress orientations near Fortymlle Bank are discussed subsequently.

Lastly, a series of young, east-west trending folds located between Navy Bank 

and the left bend in the San Clemente-San Isidro fault zone (plate 3) indicates a 

N10 * - 15 * E orientation of the maximum principal stress axis In this area. The 25 ’ 

- 25 ’ misalignment of the inferred stress axes for this feature may be evidence of 

stress reorientation associated with convergence between the fault bend and Navy 

Bank. Southward termination of the northeastern branch of the San Clemente fault
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along the southern end of the Navy Fan pull-apart may also be Involved (chapter 4, 

this volume).

Principal stress orientations based upon the earthquake focal mechanisms and 

slip vectors discussed previously are generally consistent with the geologically deter

mined estimates. The maximum principal stress, inferred to be oriented at 30* to 

the slip vector In the extensional quadrant of the focal sphere, is roughly north-south. 

The choice of the antithetic slip vector for the Salslpuedes earthquake swarm pro

vides principal stress orientations more consistent with the other offshore data. The 

alternate slip vector (N60*W), however, is consistent with the Peninsular Ranges 

fault movements.

The 22 December 1964 earthquake shows a clockwise deflection of the stress 

axes relative to the other fault segments. Segall and Pollard (1980) report clockwise 

deflection (=sl5 *) of the principal stress axes in the vicinity of right steps and pull- 

aparts of en echelon, dextral wrench faults. Thus, this .earthquake may be associated 

with the small pull-apart basin discussed previously.

Inferred principal stress orientations for the Agua Blanca fault system show a 

systematic clockwise rotation from the transpeninsular, Agua Blanca fault northward 

to the San Diego Trough and perhaps the Transverse Ranges. It Is not certain 

whether this rotation is sudden, occurring at the coastal boundary between Peninsu

lar Ranges and Inner Borderland structure, or occurs more gradually across the 

region. Additional data are needed to provide a regionally more continuous measure 

of these stress orientations along the Agua Blanca fault system, especially for the 

Coronado Bank, Rose Canyon and Bahl'a Soledad fault zones, and to the north toward 

the San Pedro basin and Palos Verdes peninsula. As discussed previously, oblique
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convergence on the northernmost fault zones of the Agua Blanca system is consistent 

•with stress reorientation all the way to the Transverse Ranges. Therefore, the author 

proposes that north-south directed compression across the Transverse Ranges may 

be responsible for systematic reorientation of the principal stress trajectories across 

the Inner Borderland and southern California.

Orientations of the Inferred principal stress directions along the San Clemente 

fault system (NIO’W) are consistent along strike, except for the region of anomalous 

earthquakes around Fortymlle Bank. As discussed previously, slip vectors for these 

earthquakes are opposite to what is expected for the area based upon regional tecton

ics and the geological and geomorphological evidence for faulting along the San 

Clemente fault. Because the earthquakes involved are among the largest recorded In 

the California Continental Borderland, they must be considered when attempting to 

evaluate the present day tectonic processes occurring in the area.*

As shown by the inferred stress orientations, only a 45* counterclockwise 

deflection of the stress trajectories is associated with the anomalous events. Until 

more detailed mapping of the geologic structure in the Fortymlle Bank area is accom

plished, it is not possible to determine if these earthquakes represent a short-lived 

phenomenon associated with the instantaneous kinematics and/or dynamics of the 

San Clemente fault system, or whether an ongoing, complex, microplate tectonic 

deformation is underway. For example, Luyendyk and others (1980) proposed that 

clockwise rotation of long, narrow, crustal blocks in a broad zone of dextral shear 

occurred during middle to  late Miocene time, based upon paleomagnetlc data.

* Small earthquakes are often observed to have focal mechanisms of widely different character in a  small 
area, possibly due to local stress reorientations following other activity, and probably due to breaking of as
perities or inhomogeneities near faults.
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Interestingly, their model predicts left slip on Initially north- to northeast-trending 

faults, (cf. Luyendyk and others, 1980, figure 3a), which subsequently rotate clockwise 

into a more east-west trend. The inferred fault planes of the anomalous Fortymlle 

Bank earthquakes have a north to northeast strike, and so incipient rotation of a 

small microplate or fault block may be occurring. The slip vector (N20' -26 ’ W) of 

the larger, San Clemente Island earthquake is not as well explained by this mechan

ism.

CONCLUSIONS -  INNER BORDERLAND TECTONICS

Notwithstanding the decades of research into the marine geology and tectonics 

of the California Continental Borderland, lack of accurate, detailed bathymetric and 

geologic maps for much of the region has hindered understanding of the geologic his

tory and tectonic evolution of this Important part of the modern Pacific-North Amer

ican tectonic plate boundary. The present study, a more complete compilation of 

geological and geophysical data for the Inner Borderland south of the international 

border than previously available, improves the understanding of the late Cenozolc 

tectonics of the region. Several conclusions derived in this study are relevant to this 

understanding.

The late Cenozolc geologic structure of the Inner Borderland is dominated by 

two, major, northwest-trending, dextral wrench fault systems, the San Clemente and 

the Agua Blanca (figure 25). The character of faulting throughout these fault systems 

provides important constraints on models of the late Cenozoic tectonics of the region.

The overall pattern of the San Clemente fault system to the west resembles that 

of the larger San Andreas fault system onshore. Two, long, roughly linear, principal
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fault segments, San Clemente and San Isidro fault zones, are linked by a  major, tran- 

spresslve, left-bending, fault segment, much as the northern and southern San 

Andreas faults are linked through the ‘big bend’ In the Transverse Ranges. The 

southern, San Isidro part of the offshore system Is divergent, as are the Salton 

Trough and Gulf of California along the southern San Andreas fault system. The 

northern parts of both fault systems seem to be mostly pure strlke-slip In character. 

Based upon these similarities, additional insights regarding the tectonic history and 

development of one fault system may be derived through close study of the other.

The nearshore Agua Blanca fault system is substantially more complicated than 

the San Clemente fault system, and consists of three or more, subparallel, 

northwest-trending, dextral, wrench fault zones. The westernmost of these, San 

Diego Trough-Bahl'a Soledad fault zone, is the most continuous, delineated by one or 

two relatively straight, primary fault traces that seem to continue uninterrupted for 

lengths as great as 40-50 km. The central fault zone, Coronado Bank-Agua Blanca 

fault zone, is generally delineated by two or three, subparallel, en echelon and branch

ing, discontinuous fault segments that are generally only 10-20 km in length. A 

nearshore zone of faulting, not well delineated by the present study, lies subparallel to 

the coast, and consists of the Newport-Inglewood- Rose Canyon fault zone to the 

north, and the Descanso-Estero fault zone to the south. Where adequate data exist, 

this nearshore zone also seems to consist of numerous, discontinuous, subparallel, en 

echelon fault strands of limited length. The author proposes tha t these two 

nearshore zones interact, through a major right step in the San Diego area, forming 

the San Diego Bay and offshore bight structural low as a large pull-apart basin or sag. 

All of the major faults of the Agua Blanca system are interpreted to be right-slip in
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character, although large structural relief associated with these fault zones indicates 

oblique slip may be Important, a t least locally.

The marked change in strike of the faults in the Agua Blanca system, where 

they pass offshore, shows that the Inner Borderland is a distinct structural province 

and not part of the Peninsular Ranges. The geometry of the Agua Blanca system In 

the Bahi'a Todos Santos area resembles that of the Alplne-Marlborough fault zones in 

New Zealand. Arabasz and Robinson (1976) relate the change in fault strike between 

the Alpine and Marlborough faults to a change in direction of relative piate move

ment. Alternatively, a change In the direction of relative plate motion may be 

responsible for the change in fault trends (Scholz, 1977; Kamerling, 1984).

The northwest-trending ridge and basin physiography of the Inner Borderland is 

also distinctive. Close alignment between the Inner Borderland faults and the axes of 

the ridges and troughs implies either common origins or reactivation of the younger 

faults on old, pre-existing structural trends. The overall strike of the Inner Border

land fault zones (N30’ W) is parallel to the principal, pre-batholithlc structural 

trends of the Baja California peninsula, and therefore, may indicate reactivation 

along older, perhaps Mesozoic structural features. Data regarding these speculations 

are, a t present, inconclusive.

Within the Inner Borderland, slip vectors and inferred principal stress orienta

tions for the major faults show systematic variations. The San Clemente fault sys

tem generally shows right-slip oriented N40*W, which is parallel to the predicted 

vector of relative motion between the Pacific and North American tectonic plates in 

southern California. The southern San Isidro fault zone, trends more northerly 

(N30' W) and is generally characterized by divergent wrench faulting, consistent with
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the overall plate motion. This divergence is also manifest as continued late Quater

nary subsidence of the Ensenada Trough. Earthquakes with unexpected focal 

mechanisms around San Clemente Island and Fortymlle Bank demonstrate, as yet 

unexplained complexity in the present day tectonics of the region.

Even though the fault zones of the oifshore, Agua Blanca fault system trend 

more northerly than the San Clemente system or the plate motion vector, they are 

not divergent at least for late Quaternary time, but Instead, appear to be parallel 

wrench faults. This feature is well expressed by the San Diego Trough fault, which is 

relatively long and straight, and lies along the axis of the nearshore San Diego 

Trough. Farther north, convergence is reported across the Newport-Inglewood, Palos 

Verdes Hills and other major wrench faults of the Inner Borderland (Junger, 1976; 

Bulka and Teng, 1977; Teng, 1985). Based upon these observations, the author pro

poses that clockwise reorientation of principal strain and stress axes results from the 

major left bend in the San Andreas fault and convergence across the Transverse 

Ranges. In as much as the San Diego Trough fault is coaxial with the nearshore San 

Diego Trough, the author proposes that this fault zone was divergent during an ear

lier period of activity, and resulted in the opening and subsidence of the San Diego 

Trough. Such divergent wrenching is presently occurring within the Ensenada Trough 

along the San Isidro fault zone and possibly along the Coronado Bank fault zone 

closer to the coast (chapter 4, this volume). Others have proposed convergence in a 

dextral wrench fault environment as a mechanism to form the ridges bounding the 

San Diego Trough, but this study finds no evidence of late Quaternary convergence 

across the major faults within the vicinity, except locally, a t small bends in the fault 

traces. Recognition of the earlier sense and timing of movement along the San Diego



328

Trough and related faults could provide Important Insights regarding the tectonic 

development of the Inner Borderland and possibly the surrounding portions of the 

Pacific-North American plate boundary. If the author's hypothesis is valid, that con

vergence in the 'big bend' region of the San Andreas fault and Transverse Ranges 

have affected the tectonic style of the Inner Borderland, then observable changes in 

Inner Borderland tectonic development may be correlated to changes in the tectonic 

development of the San Andreas fault and the Transverse Ranges. This postulated 

overprint of Transverse Ranges tectonic style on the northern California Continental 

Borderland has probably complicated the study of California Continental Borderland 

tectonics. Even though such an effect may not be present, this study has shown that 

the late Quaternary tectonic style of the Inner Borderland south of the international 

border has Important differences from the area to the north.

Baja California Mieroplate Tectonic*

In as much as the San Clemente fault system extends an undetermined distance 

southward west of Baja California, and modern seismicity also occurs in the Inner 

Borderland west of the peninsula, late Quaternary slip has been occurring between 

Baja California and the Pacific tectonic plate. Therefore, Baja California may be 

considered a microplate which has been detached from North America but is not 

welded to the Pacific plate (figure 69). The idea is not new, and the recognition of 

other active faults west of Baja California (for example, Tosco-Abreojos fault of 

Spencer and Normark, 1979) has led others to similar hypotheses. From the present 

study, a major ‘microplate boundary' transform fault zone, that is, the San Clemente 

fault system, has been better defined. Its southward extent is unknown, at present,
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Figure 69. Map showing configuration of postulated microplates or large crustal 

blocks along the southern California part of the Pacific-North American llthospherlc 

plate boundary. The principal fault zones bounding the large crustal blocks or micro

plates are shown by heavy' lines. Other faults are shown by lighter lines.
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and to the author’s knowledge, no important, Quaternary, transpeninsular faults have 

been mapped south of the Agua Blanca fault. Such faults have been postulated (Nor- 

mark and Curray, 1968; Rusnak and others, 1964), but other data (Colletta and oth

ers, 1981; Angelier and others, 1981) show that the Baja California peninsula has 

acted as a relatively rigid block for the past few million years.

On the other hand, the southern California area, extended southward to the 

Agua Blanca fault, has not behaved as a  single, rigid block during post-Miocene time 

as is evident from the numerous, active fault zones which cut across the region. 

Rigid plate tectonic theory is not applicable to the complex zone of deformation 

within a major plate boundary such as that in southern California. Several investiga

tors (Bird and Piper, 1980; Bird and Rosenstock, 1984) have invoked microplate tec

tonics to explain the deformation of the southern C 'ifornia region, and sophisticated 

finite-element models have been developed to simulate the regional kinematics. Block 

tectonic models developed by Bird and Rosenstock (1984) were useful In describing 

the kinematics of the southern California region, but unknown slip rates on the 

offshore faults were assumed to be minor in the absence of data to the contrary. Also 

in their model, the San Clemente fault system was truncated by the Agua Blanca fault 

system, so motion between the Pacific and Baja California was not considered to the 

south. Others have implied that a  large proportion of the overall Pacific-North 

American relative plate motion is occurring offshore in southern California (Ander

son, 1979; Weldon and Sieh, 1985), whereas Jordan and others (1984) limit this 

offshore slip to a minor amount.
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Lastly, the oblique trend or the San Andreas fault relative to the predicted plate 

motion direction led Minster and Jordan (1984) to conclude that convergence should 

be occurring along the offshore fault trends. Such convergence is no t evident in the 

Quaternary geologic structure of the Inner Borderland from the San Diego Trough 

southward, although convergent wrench faulting has been reported to the north 

(Crouch and others, 1984; Junger, 1976). Thus, the postulated effect of Transverse 

Ranges tectonics upon the southern California region may be limited to the region 

north of the Agua Blanca fault.

The author proposes that the bend in the San Andreas fault and Transverse 

Ranges convergence may have caused the ‘breaking up' or the northern end of the 

Baja California mlcroplate. The southern California area would thus be considered a 

broad zone of dextral shear, distributed over the several active faults cutting across 

the region. As shown by McKenzie and Jackson (1983), instability of distributed 

shear zones with several strike-sllp faults leads to either reconfiguration of the fault 

pattern, or to concentration of slip on one of the boundary faults. They postulated 

that this effect might explain the concentration of slip along the San Andreas fault in 

California. Their model considered shear zones with uniformly distributed slip, and 

so the extrapolation to more heterogeneous shear zones may allow additional primary 

strlke-slip fault zones to be simultaneously active a t comparable slip rates. Alterna

tively, reconfiguration of the shear zone, through microplate tectonics or block rota

tions may be an ongoing process.

Future research effort should be directed at reliable determination of the slip 

rates and displacement histories for the offshore faults. Such data will permit better 

understanding and modelling of the kinematics of a complicated, continental
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transform plate boundary. Such a  boundary may be the locus of the large scale tec

tonic erosion and accretion of ‘exotic terranes' which have been Inferred along the 

western North American Cordillera (Saleeby, 1983).
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APPENDIX A

NAVIGATION

Accurate navigation is crucial for mapping submarine features such as bathy

metry or geologic structure. The smaller the features to be mapped, the more pre

cise the navigation must be in order to locate such features on the maps. For studies 

such as the one presented here, accurate positioning of fault crossings is necessary to 

determine fault continuity and fault strike; important data for tectonic analyses. Sea 

Beam studies also need precise, accurate navigation in shallow regions (<2000 m) so 

that minimum overlap between adjacent swaths is obtained, and contours can be 

matched between swaths without excessive Interpolation.

Many navigation systems and techniques have been developed throughout his

tory. More recently, sophisticated electronic systems using satellites or radionavlga- 

tlon, including LORAN and OMEGA, compute absolute position and provide measures 

of latitude and longitude directly to the user. The discussion of such systems is 

beyond the scope of this work and they are not further described here. Several good 

texts on nautical techniques, including navigation, are available, (for example, 

Bowditch, 1958), and the reader should consult these for additional Information.

Another less sophisticated method of navigation uses two or more ranges or 

azimuths to fixed landmarks and computes geographic position by triangulation. This 

method is the primary technique used for this study and will be discussed below. 

Improved accuracy over the earlier navigator’s ability to locate himself using this 

method is accomplished with RADAR, that is electronic distance (and azimuth)
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determination by measuring the transit time of electromagnetic waves reflected off of 

landmarks or other objects. Greater accuracy and Increased range of operation are 

accomplished by use of active transponders, that Is electronic devices that respond to 

the incident RADAR signal by emitting their own RADAR signal, which can be 

encoded with other Information. The transit time is measured electronically with 

reference to very accurate clocks, so that the range can be calculated to within a  few 

meters. Absolute geographic position can then be calculated using triangulation, for 

two or more ranges, or range/azimuth pairs, providing that the geographic position of 

the landmark is known. Real-time shipboard navigation is often accomplished by the 

triangulation method, using RADAR ranging to shore-based landmarks that are shown 

on nautical charts. For the present study, additional navigational accuracy was 

obtained in some areas by RADAR ranging to fixed shore-based transponders. These 

fixed transponders do not suffer the position errors Introduced by uncertainty in the 

actual location of the natural landmarks which reflect the incident RADAR beam.

A Motorola Mini-Ranger’ RADAR transponder system was used for the present 

study. The configuration of the system used In this study included four shore-based 

transponders and one shipboard transmit/receive system. The shipboard system 

simultaneously Interrogates two of the shore-based transponders and computes the 

range to each. These date are displayed on the shipboard console and also printed 

onto a paper tape. A precise clock provides the time of each fix to the nearest 

second. The rate of Interrogation can be adjusted as can the transponders being 

Interrogated. When in range of a t least one transponder, several ranges can be calcu

lated each minute. Two ranges are required to  compute the ship's position unless

* Registered Trademark
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other data, such as azimuth to the landmark can be provided.

For the typical research cruises such as those conducted for the present study, 

thousands of such ranges will be determined. Consequently, thousands of position 

Axes must be computed, and so, the FORTRAN computer programs described In the 

following pages were developed.

The overall process of navigation, that is locating the ship tracks and position 

with respect to geographic coordinates and standard time, involved four major steps 

In this study. First, absolute positions as a function of time, for each and every valid 

range or range/azlmuth pair Is computed by the program TRNAV. Second, these 

fixes are smoothed, that is averaged, using the program SMFIX for times when 

numerous fixes are computed. Third, additional smoothing of the shlptrack is 

accomplished by plotting the data using standard software developed at the Scrlpps 

Institution of Oceanography Geological Data Center (GDC).* Fourth, final editing and 

position mapping Is accomplished by hand adjusting ship tracks using the bathy

metric data so that soundings (or Sea Beam contours) match at line crossings. This 

appendix describes the programs used for the first two steps. The last step was dis

cussed In chapter 2 of this volume.

TRNAV computes the position, that Is latitude and longitude of the ship at the 

time of each RADAR range or range/azlmuth measurement using trlangulatlon. 

Exactly two data, either ranges to two different landmarks or transponders or the 

range and azimuth to one landmark are used for each fix calculation. If several data 

are available for any one time, several position estimations (fixes) can be computed

* Contact Stu Smith at the SIO Geological Data Center for information regarding theie programs.
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using combinations or data pairs, and the result averaged using the second program, 

SMFIX.

For simplicity, a flat-earth is assumed. This approximation introduces 

Insignificant errors for the small area covered by this study. A Mercator projection 

is used, so that each latitude, longitude coordinate pair can be transformed into a 

rectangular Cartesian coordinate pair. To ensure accuracy, the transformation uses 

the Clarke spheroid of 1866 (see Bowdltch, 1958) to compute the factors for convert

ing distance in degrees latitude or longitude Into meters for the rectangular grid. 

This spheroid approximation of the geold is used to produce most of the nautical 

charts used in North American waters, and Is therefore appropriate for this study. A 

right-handed, Cartesian coordinate system is derived with the abcissa (x-axis) 

directed to the north and the ordinate (y-axis) to the west. The origin of this grid is 

the average geographic position of the entire set of landmarks and transponder sites 

input to the program. The position of each landmark is then converted from geo

graphic coordinates into the grid coordinates for the triangular procedure. Also, 

baseline matrices, that Is the baseline distances and azimuths between each possible 

pair of landmarks is computed and stored for use In the triangulation.

Ship positions (or fixes) are computed using triangulation and the trigonometric 

‘law of cosines' with the known ranges, baseline distances and azimuths. If ranges to 

only two landmarks are used, there Is an uncertainty as to which side of the baseline 

the correct position Is located. This uncertainty Is usually eliminated because the 

coast approximately marks the baseline, and so the offshore position is the correct 

one. Where Island landmarks are used or large coastal embayments are located, a 

baseline crossing is possible, that is positions on either side of the baseline are
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possible. The program automatically selects the north, or west side for the position. 

The alternate position can be selected by setting the flag IBASE = 1 In the input data. 

For positions near to the baseline, fixes on both sides may be computed, and the user 

selects the 'best' position.

Occasionally, Tor positions near the baseline, because of inaccuracies in the 

range measurements or positions or the landmarks, the data will not converge to a 

real position. When the program recognizes this situation, the message ‘DOES NOT 

CONVERGE’ is printed to the output file. The user can then check the ranges, land

mark coordinates or adjacent fixes to obtain a good fix Tor such times. In some 

cases, the data are bad, due to spurious noise signals or incorrect data recording. 

Such errors are generally easily identifiable. The data are edited as necessary, and 

the final version run through TRNAV to obtain a list of positions and times. The pro

gram has been designed to allow future incorporation of algorithms to compute esti

mates of the error In calculated position when range or other errors can be input.

Output from TRNAV includes a regular print file, which lists positions, times 

and messages, such as ‘BASELINE CROSSING’, or ‘DOES NOT CONVERGE’, and 

messages to the terminal, If the job Is run interactively. Also, optional data files for 

use with other programs such as SMFIX, HYPERMAP, or the SIO-GDC plotting pro

grams can be generated by specifying non-zero values of the parameter IDATA In the 

input file. IDATA = 1 yields an output file in GDC format, that is degrees and 

decimal minutes, with west negative. IDATA = 2 yields data suitable for HYPERMAP 

or SMFIX, that Is decimal degrees, with west negative. Specific details of the 

input/output data for TRNAV will be discussed later.
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SMFIX computes average positions for times that have numerous range or 

azimuth pairs. In order to use SMFIX, the time of each fix must be different, and 

input chronologically. Otherwise, error messages will result, and smoothed fixes are 

not computed. This program is especially useful for combining transponder fixes, 

obtained several times each minute, into one average position Interpolated to the 

exact minute In time. Average speed-made-good (SMG) and course-made-good 

(CMG) are also computed that prove useful in editing the data, identifying anomalous 

speeds or courses. SMFIX is also useful for computing average positions for times 

with three or more range/azlmuth data from the conventional RADAR. It must be 

emphasized that the times for these fixes must be arbitrarily set to different values, 

usually by adding one or more second to each so that an average will be computed, 

and the error.condition 'SAME TIME’ averted. O r  course, the computed SMG and 

CMG are invalid in such situations.

The average position is computed using linear regression, that Is, least squares 

analysis. Regression analyses for both ‘x* and 'y' positions as a function of time are 

done, and the computed functions of position versus time used to determine the ship 

position at the exact minute. The program automatically selects only times up to 30 

seconds before or 29 seconds after the exact minute for computation of each average 

fix. Statistics are also presented for averages derived from three or more fixes, and 

appropriate messages for one or two point fixes are also listed.

Output from SMFIX includes both the full print file with fixes, statistics and 

messages, and the file In proper format for the GDC programs, except that west long

itude is listed as positive, and must be changed before use In the GDC plotting rou

tines. Details of the Input/output values for SMFIX are discussed susequently.
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I/O  and Program Liitingi for TRNAV, SMFIX, and HYPRIN

Sample Input and output files for programs TRNAV and SMFIX are shown In 

Tables A.1 - A.6. The program listings for both TRNAV and SMFIX are also 

presented as Appendices A.1 and A.2. Subroutine GETFIL, necessary for both 

TRNAV and SMFIX, Is listed In Appendix A.3 (courtesy of Don Altman). Program 

HYPRIN converts GDC formatted data (degrees and decimal minutes) Into HYPER

MAP or SMFIX Input format (decimal degrees) Is listed In Appendix A.4. Numerous 

comment cards have been incorporated Into the these listings to aid in the under

standing of the logic and variable Identification. All of these programs were written 

and compiled on the SIO Prime 500 computer, and can be run either Interactively, or 

as ‘phantoms’. Details of the SIO operating system can be obtained at the computer 

center a t the Institute of Geophysics and Planetary Physics in La Jolla.

Input for TRNAV is from two main sources, the user’s terminal (or command 

file) and data file, logical unit number (lun) 5. The program prompts the user for the 

name of the Input file which is internally known as lun 5. Similar prompts for the 

names of the output files are also provided. Subroutine GETFIL provides this 

.interactive logic.

A sample Input file (lun 5) for TRNAV Is shown In Table A.1. The first line has 

an Integer *1’, and a title (up to 60 characters permitted). The integer ‘1’ Is the value 

of IDATA used for this test run of TRNAV, and sets the program to output a file In 

GDC format (as lun 7). A zero entry here would suppress this secondary output file, 

and a value of 2 would create a file In HYPERMAP or SMFIX format Instead of the 

GDC format. The program will prompt the user to enter the appropriate 6 character
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names for all Input and output flies. The prompt calls the GDC (or 

HYPERMAP/SMFIX) output file ‘OUTDAT’, whereas the standard flies, lun 5 and lun 

6, are called ‘INPUT’ and ‘OUTPUT’, respectively. The user can respond with any 

valid 6 character name for these files.

The second line of data lists the number of transponders (8 in the example 

shown), shipboard antenna height (meters), and the value of the optional parameter 

IRITE. The number of transponders listed must correspond exactly with the number 

of transponder or RADAR landmarks used and listed in the following cards. The 

shipboard antenna height is used to correct slant ranges to horizontal ranges, and 

assumes that both the conventional shipboard RADAR and transponder system anten

nae are at the same elevation. The parameter IRITE, if set equal to I will list addi

tional information, Including the input data, to the user’s terminal (lun I).

The next 8 lines give the transponder/RADAR landmark position data. First 

the code TRNS for transponders or RADR for RADAR landmarks is listed, followed 

by the two-digit code number. These code numbers must be in sequential order, as 

shown, with no gaps. The next values are the latitude and longitude of the site, with 

both north and west positive. The site elevation (meters) follows. The next decimal 

value lists the estimated error of the site position, in decimal minutes of latitude 

(approximately in nautical miles). These estimated error values are not used in the 

present version of the program. The last 28 columns are for a name or description of 

the site.

The card following the site position data is a ‘day header’ card. The date, that 

is day, month and year, of the following navigational data are listed. The 400 in the 

example corresponds to the line number (which is arbitrary in the present version)
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and the 67 specifies the heading. The last number (6.0) Is the ship speed In knots. 

These last three values are used only for the user's Information.

The next series of cards represents the actual fix data. F irst, the time in hours, 

minutes and seconds is listed, followed by the two site codes and ranges. Note that 

both RADAR and transponder sites can be used, and a RADAR range and azimuth 

may be specified. The RADAR ranges are in nautical miles. The transponder ranges 

are In meters. The azimuths are In degrees true (0 * to 360 *). The code number with 

each site code must exactly correspond with the appropriate site code listed in the 

site coordinates input list.

At the end of a day’s set of fix data, a blank card, shown here as 6 zeroes, must 

be placed. One blank card specifies the end of a day. A second (or subsequent) day’s 

set of data would follow the blank card in the same sequence as that shown for the 18 

September 1979 in the example, that Is a  day header card would follow one blank 

card, and the range/azlmuth data afterwards. Two blank cards signifies the end of 

the Input data file, and signals the program to complete execution and exit.

Table A.2 shows a sample TRNAV output file (lun 6) for the Input file shown in 

Table A.1. The first line gives the parameter IDATA followed by the title. A day 

header line follows. Headings for the output data are given for each day and/or new 

page of output. Most variables are self-explanatory. XM and YM are the grid coordi

nates, in meters, of the fix points. XER and YER are two estimates of the position 

error, which in the present version should be zero and represent the difference 

between the X and Y position computed using each of the two sites as the reference 

site. SMG and CMG are the average speed and course-made-good since the previous 

fix. These values can be useful in editing the data.
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Table A.3 shows a sample TRNAV output file (lun 7) in GDC format. Note that 

latitude and longitude are in degrees and decimal minutes, with north positive and 

west negative. The date and time (hours and minutes only) precede the coordinates, 

and the type of fix is at the end. This file would result from specification of the Input 

parameter IDATA = 1.

Table A.4 represents a sample Input file (lun 5) for the program SMFIX. This 

file would also be an output file (lun 7) for TRNAV with the option IDATA = 2. The 

coordinates are here listed In decimal degrees, with west negative again. Such a file 

Is also appropriate for use with the HYPERMAP plotting program available at SIO. 

Note also that the full times (hours, minutes and seconds) are given.

Table A.5 Is a sample output file (lun 6) for the program SMFIX. The date and

average time, to the nearest minute of the fix are listed in the first three columns.

The average or rather estimated position, in decimal degrees, for the ship at the

minute specified is listed next, with west negative. The type of fix is followed by the

statistics Including the regression coefficients, *r * and ‘r ', the standard deviationsa  y

(in meters or seconds as appropriate) <rx, and <rt for the least squares analysis of 

the position. The next two columns list the average speed and course-made-good dur

ing the minute averaged. The last column is the number of fix points used in the 

regression analysis. For the special cases of only one or two fixes, appropriate mes

sages are listed and no statistics given. Remember that SMG and CMG for RADAR 

fix averages are usually bogus In this program. At the end, if all goes well, the note 

‘FINIS’ Is written.
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Table A.6 Is the sample output file (lun 7) for SMFIX in GDC format, except 

that longitude Is positive for west. This helps to differentiate this file from the out

put file for TRNAV, since both are in degrees and decimal minutes and show time 

only by hours and minutes. Remember that SMFIX may have averaged several 

seconds worth of data to get one average fix for the minute specified, whereas 

TRNAV would show several, possibly different fixes for the same minute of time 

listed in the GDC formatted output file. Again, ‘FINIS' Indicates the program ran to 

completion successfully.
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Table A.1 — Sample Input File (lun 5) for Program TRNAV.

1 TRANSPONDER NAVIGATION TEST CASE 30 APR 82
8 1 0 .  00

TRNS01 3 1 .4 8 2 0 1 1 6 .4 7 7 4 9 5 . P . l
TRNS02 3 2 .1 6 4 1 1 1 7 .0 1 3 8 1 1 5 . 0 . 1
TRNS03 3 2 .0 8 1 1 1 1 6 .5 3 2 3 6 0 . 0 . 1
TRNS04 3 1 .5 3 9 8 1 1 6 .4 4 9 5 4 5 . 0 . 1
RADR05 3 2 .1 6 1 5 1 1 7 .0 1 6 5 1 0 . P . l
RAOR 06 3 2 .0 2 0 4 1 1 6 .5 3 1 4 1 0 . 0 . 1
RADR07 3 1 .5 8 6 2 1 1 6 .5 0 0 0 1 0 . 0 . 1
RA0R08 3 1 .4 8 5 8 1 1 6 .4 8 4 8 10* p . l

18 09 79 400 6 7 . 6 . 0
073000
140000
1500PO
150500
163756
1 64157
165319
1 71713
172351
172952000000
000000

RADR08 
RAOR 07 
RADR06 
RAOR06

3 .4
2 4 . 0
1 8 . 3
1 8 . 3

TRNS03 2 5 4 3 0 .  
TRNS03 2 4 3 3 5 .  
TRNS03 2 2 8 3 4 .  
TRNS03 1 8 9 8 0 .  
TRNS03 1 7 9 2 6 .  
TRNS03 1 7 0 5 0 .

AZIMOB 
RA0R98 
RAOR 05 
R ADR 05 
TRNS02 
TRNS02 
7RNS02 
TRMS01 
TRNS01 
TRNS01

3 3 .5
2 4 .6
2 4 .0
2 4 .0

3 4 6 2 7 .
3 4 5 5 5 .
3 4 0 7 7 .
2 7 3 7 3 .
27C 76 .
2 6 7 8 8 .

S .  TOOOS SANTOS ISL .
PUNTA OESCANSO 
PLAZA SANTA MARIA 
PUNTA SAN NIGUEL 
PUNTA OESCANSOCRADAR) 
NORTH POINT
EL PESCADEROCSOUTH POINT) 
N. TODOS SANTOS ISL .
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Table A.2 -  Sample Output File (lun 6) for Program TRNAV.
i n  0*0 <h cr r» ip vc *£ ii
<r to r- k  n  h  m * i • • • •♦ « ♦ m m ui

«£ <U r« 40 0 \  *■« I-  mtitffiMOK) H (TMO IO tfi O'

2  Z Z  2  Z Z  Z
^  < o  a  o  !*• maC 'O htm e 

h r -  O ' cm m  a )  
•  • • • « • •  

O  h h h  O ' O '  O 'Hoimmminm
k> n rt n io m n
o  e  o  o  e  e  o• i l I

•  • •
r a  « - *

o  oo
K  CM 
U

sD

Q  O '
( 8  t  « •
c o n
«

♦

a  a a
h  O (V

U J I -  t o •
o <
a  •  • •
h -  a o  r - e g
H  f  H
o
*  O  h - ►*
o  H  H
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Table A.3 — Sample Output File (lun 7) for Program TRNAV.

IB 9 1979 730 31 4 5 . 7 4 - 1 1 6 4 8 .4 8 ■ 8*08
IB 9 1979 14 0 31 5 1 . 9 9 - 1 1 7 1 7 .1 3 8*08
i n 9 1979 15 0 31 5 3 . 9 3 - 1 1 7 1 2 .4 4 8*08
18 9 1979 15 5 32 1 0 . 6 9 - 1 1 6 3 4 .1 6 8*08
18 9 1979 1637 31 5 7 . 8 0 - 1 1 7 3 .9 2 TRWS
18 9 1979 1641 31 5 7 . 7 5 - 1 1 7 2 . 7 7 TRNS
IS 9 1979 1653 31 5 7 . 9 7 - 1 1 7 1 .5 2 TRNS
IB 9 1979 1717 31 5 9 . 2 5 - 1 1 6 5 9 .3 2 TRNS
IB 9 1979 1723 31 5 9 .5 6 - 1 1 6 5 8 .6 0 TRNS
IB 9 1979 1729 31 5 9 . BO-116 5 7 . 9 4 TRNS
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Table A.4 — Sample Input File (lun 5) for Program SMFIX.

13 979 9 b o l3 32 . .19779-1 7 .2 8 1 9 2 TRNS
9 79 ~, - 95&'i9 3 2 .0 9 7 7 2 - 1 7 .2 8 1 6  D TRNS

13 979 95757 3 2 .0 2 7 2 3 - 1 7 .2 8 9 5 * TRNS
13 979 95958 3 2 .0 2 8 9 9 - 1 7 .2 8 9 7 5 TRNS
13 979 1.7 612 3 2 .0 3 7 7 8 - 1 7 .2 9 2 1 6 TRNS
13 979 19 693 3 2 .0 3 8 1 1 - 1 7 .2 9 2 1 1 TRNS
13 979 19 650 3 2 .9 3 9 9 5 - 1 7 .2 9 2 9 2 TRNS

"1 3 '9 79 l u "719 3 2 . J 3 9 0 6 - 1 7 .2 9 2 9 3 THNS
13 979 ID 792 3 2 .C 3 9 8 1 -1 7 .2 9 2 6 2 THNS



I DAYI YEAR . . .
MON LT ( 1 ,2 )  XO YO T R l RX RY SIGX SIGY SIG T SMG CMG NFIX

1* 9 79 645 1 1 .9 4 1 2 6 - 1 1 6 .9 6 3 3 9 7 k MS 1 .0C 7279  1 .0 7 5 7 6 6  0 .0 0 0 0 2 1  0.C00C28 1 .5 2 7 5 2 5 4.1i>5 338.49-* 3
1# 9 79 b52 * 3 1 .9 3 1 6 1 - 1 1 6 .9 5 9 1 9  * TRNS 1 .0 1 4 1 8 5 “ * . 7 5 5 9 2 9  d .0 tu 0 2 0 * ~  C.0C0018 1 .5 2 7 5 2 5 ”----- 2 .2 ^ 3 2 - —3 39.^474------ 3
14 9 79 557 3 1 .  9 2 7 * 1 - 1 1 6 .9 6 3 3 2 TRNS b.boU 4 5 .0 1 0  TWO POINTS
15 979 Oil: 3 2 .0 3 7 1 2 - 1 1 7 .2 1 5 5 6 TRNS 0 .9 2 6 9 5 4  u . 862476  D.0UG219 0 .0 0 0 1 0 6 5 .5 6 7 7 6 4 5 .1 6 9 5 1 .6 3 3 3
15 979 D2b 3 2 .5 4 1 1 2 - 1 1 7 .3 1 7 2 1 - * -----TRNS ------ SINOLf-FlX -INPUT---------------  ------------------- -----------------
15 9 79 U2c 3 2 .6 4 1 6 9 - 1 1 7 .3 1 7 4  0 TRNS . O .C to  1C3.241  TWO POINTS

FIK IS
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.
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Table A.6 — Sample Output File (lun 7) for Program SMFIX.

1* 9 1979 645 51 5 6 . «R 116 5 7 .6 9 TKNS
n • 9 1977 ------- t s r - —31—5 S .9 T rT 1 6  5 7 . 5 s --------- — --------T**S —
14 9 1979 557 31 5 5 .6 7  116 5 7 . BO TRNS
15' 9 1979 >‘ 22 32 2 . 2 3  117 I B . 96 TRNS
19 ~ 9 1979— --------- C 2 t- 3?  -2 .4?-  n ? —is- .-e i----------------------- TKNS—
15 9 1579 026 32 2 .5 0  117 1 9 .0 4 TRNS

FIN IS



APPENDIX A.1

FORTRAN Program TRNAV used to Compute Ship Position Fixes 
from Range and Azimuth Data for 

Shipboard RADAR and Shore-based Transponders.

• ~T3 t - ~tr------- FRnpRfH— TRrnnr-rTWPUTvmrrf,UT7T»prs=ncpoTtT-»pr 6 '='nuTPu n ----------------------------------------
<0u0 2 ) c
< j ; o j >  c t h i s  p rogram computes  p o s i t i o n s  prom r a n g e s  t o  2 t r a n s p o n d e r s  or r a d a r  r a n g es

<.'DCf>> DOUBLE PRECISION b<SO,5r . i> ,R 2,Bl,P l ,RAD,FLAT,FL0N»XT<5.)) ,YT<5C )
<(1006) COMMON /PMAP/ 0LAT,OLON,FL»T.FLON,RAO.PI

— < (1-5071- - - - - - - - - - - - - - - C O M M O N - - m - A W s y  R T F S  T  < 5" T ,5  7T17 X P  C R T I T i l T n V X r  AT T STB  T T U N T 5 j )- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
COOM) COMMON /RLGRES/ MO. Y 5.0MG" .CMG:. ,  SMG (■ .CCFLAG. TO
< 0009)  COMMON /P O S IT /  X1 , X ? , Y1 , Y2. R1 , k 2 , N 1 ,N 2 , TR1 . TR2 .  G MT

— < 051CT— ----- ------ C 0) 'N 0 irTF T trS 7  NABLTV-----------------------------------------------------------------------------------------------------
<3011)  INTEGER DUTNAM<AU>«OATNAH<A'.i>
<0012)  DIMENSION TI TI E< 1 5 ) iSGNX<50•5C)

■—t T o r n -nlMFWSIOW TNNBTr-fAT
< 9C1A > L0G1CAL CCFLAG
< o : i 5 > DATA Xd.YG.THDMGC.SM&O.CHGC.TRFLG,CCFLAG / 2 » D . 6 , - 1 . . A . 0 . . .TRUC. /
< 0016) DATA PI  / '3 .  l * l3 9 2 b 5 3 3 B 9 7 9 3 /  .................. —  —
< J 0 1 7 ) DATA fa»PS I»XP0R / 5 7 6 0 * 0 . 0 /
< OwlH) DATA SGNX / 2 5 0 U » 1 . /
< 0179 ) "" CALL GLIF1L n r j P U T  ’V6.TNNAM) ’
< 0020) CALL GETFIL <*OUTPUT*,6 .OUTNAH)
< 0021 ) CALL CONTKL ( l . IH N A M .S)
<0C221 ' READ"'C3VA021 IDA TA ,'T ITL'E" ....... —......... ........ ~  —...... .... ............
<5023) AQ2 FORMAT (I2 .1S A A )
(5u2A) URITE l l .A O A ) TITLE,IDATA
I 0026 # AU A FURMAI i 1 / t lSA A .M X .* IDA(A » * . 1 2 i
( 0 0 2 6 ) CALL INIT (ANT.SGNX.XT.YT.TRFLG)
0 0 2 7  ) IF < TRFLG.EG.1) GO TO Fqgq
( 01T7B7 CALL CONTHL (Z.OUTNAH.bj
< 0079) C .*  ** IDATA IS OPTION TO URITE OUTPUT FILE FOR GUC PLOTTING ROUTINES, IDATA = 1 ,
< 00 3 0 ) c « . .* URITE NAVIGATION OUTPUT TO FILE07
( B'031 )’ ' b . .  . .
( 0 5 3 2 ) IF ( ID A T A .G E .l)  CALL GETFIL< • OUTOAT• , 6.0ATNAM)
<0033) IF  (IOATA.GE.1) CALL CONTRL< 2 .0 ATNAM, 7 )

”  CCOS AO---------<T3— CONTI NUE---------------------------------------------------------------------------
( Q035) C READ LINE DATA, DAY. MONTH. YEAR
< 0036)  READ <S.ACn> IDAY.MONTH. I YEAR.LINE,COURSE.SPEED

—  ’ r ?  0371— T i r o — f o r - h t t —r j r i  x  .t z  i v z x . i s -. i x v f s .  a .  f  ■> . n - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 0038 ) IF  (IOAY.EG.G) GO TO 9999
< 0 03 9 )  CMG0 = COURSE

“  ■ CO 5* 37-------------- SMOT^-SPCEO---------------------------------------------------------------------------------------------------------------------
( ')OAl) AS NLINE s  0
< 00A2 ) URITE I 6.A I ' l ) <T ITLE 11> .1  =1 . 1 5 )  .  I DA Y.MONTH.IYEAR .LINE .COURSE.SPEED

<J0*<H lbHSPFEO »F«.1>
< 0 0Ah) URITE tb .A E J )

— < 90A6T Airs -  FORK AT" nHC-»2X-jSHG«T,“3*-.-3HTRAKWF.-*MR-ANOtTTXT5HTR-A1YS,21USl1RANtrt-.------------
< 0,1*7) 16X,2HXM,fiX.THYM,7X.3HXF.R,7X,3HYEK.6X,HHLATITU0E .  IX .9HL0NGITUDE . 3X .
( 0 : a h i  23HSHG.1X.3HCMG.6X.3HOMG)

—  < D  0  «  V  ) ------------A -3 — 7  F < N f I  N E — I G  E ~ " 6  D  C - © - T O  “ A - -------------------------------------------------------------------------------------------------------------------------------------------------------

< CiSC*) 1YR a IYEAR ♦ 19: 0
( 0 0 6 1 )  CALL NAV1G <SGNX.XI. YT. NLINE. IDATA• I DAY. MONTH. IYR.ANT>
( 0 0 3 2 ) -------------- IF < T R 1 .E Q .»-------- •> 00" 1 0 AO-------------------------------------------------------------------------------------
lOCMi) NLINE = NLINE 1
C >J3Sm 00 TO <»*

• ( 355*>> ^9-9?*-CatL-CCVTftt-t^»WJfrrrW-----------------------------------------------------------------
URITt Cft * 1099)

< ;* 7 )  CALL C0 TML C A«OUT*JAK«6 )
* --------------  i f  f lPeTA  . « £ • - !  ) ----------------------------------- -------------- -------------- ----------
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t w i t  • FORMAT f« irX i« * I* » IS * J ^ -------------------------- : ------------------------------------------
< POfe'.-» IF  tIO«YA~JG£*-i-r"£ALL CONTRL M .0A TNAF,7)
(U 761)  CALL EXIT

-i-3 ?*S>>-------------- f*13----------------------------------------------------------------------------------------------------------
PROGRAM SIZE! PROCEDURE -  LJ1050 LINKAGE -  f l277A  STACK -  OUDOAR



368

 ANT ' " -R L IN K A G V O I 3752----- 0 S Z 6 r* '3 n 5 r* -----------------------------------------------------
B 0 /TRANS/ -JuCuC.I C055S C0C7S CM 7I
CCFLAG L /REGRES/ '.53012 3008S t i M S  06151

- -  CFGr---- R-ZREGRCS/--- ^ c n tT G B ---- C008S~-  0CT5T---- (T U 57H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CONTRL R EXTERNAL OOOOgii 0021 J " 2 8  0 JJ 3  0055 3057 006C
COURSE h LINKAGE 313356 OCJ6M 0039 004?

 DAYNAH I L'TVICA'GL rT22fiE------ CTITS- ’  E3 2*---- OTSTX----OffKGA--------------------------
OHGO R /RECRES/ C Cl'!: It 4 0G08S DJ15I
EXIT R EXTERNAL O'rCOGO C06L

------ FLAT-----
FLON
GETFIL

~TT /PMAP/~ —JOXTOA—  
0 /PMAP/ ' 60 3019 
R EXTERNAL 600000

■noof.s -T0B 6S- 
C305S 6726S 
001P 0G29 0032

GH1 
I
IDATA

R " /P 3 S  IT / ' —j'.'S'U?b 
I LINKAGE TOOAIt 
1 LINKAGE 6:04C3

UUOYS
3U42M
0C22M 0024 0032 C033 0 051 A 0058 0060

TDAT 
INI T 
INNAH

“ IT T N K  AGE---- trEC«77----
I EXTERNAL 300060 
I LINKAGE 012336

UL'AbH u i j j a  
0026
0013S 601PA 0 9 2 1 A 0D55A

1TL aR
IYR
LINE

I "LINKAGE COUAli 
I LINKAGE 3L0417 
I LINKAGE C00412

OTJfcH 
G05GH 
( C36H

1» w' 4 ik
0 L'5 1 A 
C£‘42

325 0

H O N T H r  LINKAGE^ T j C4L0 
N1 I /P O S IT /  0UO329 
N2 I /P O S IT /  000321

U'.'ibH '.'114 2 
C 339S 
j  HOPS

1 7TI5n

NARlCN i  /F IL E S /  g J u .1 u 
NAVIG I EXTERNAL "OOOCO 
NLINE I LINKAGE 0C0413

I 0 1 3 s
C 051 
G 041H 0049 CCS 1A i.Cb3»

OLAT 
OLOH 

. OUTNAH

R /PNAP/ GO GODO BPObS 
R /P4A P/ 3CCGL2 0006S 
1 LINKAGE 012466  6G11S C02 3A CU2BA L057A

~p r  - -  
PS I 
R1

U / r H A r /  "IJUGHJ 
R /TRANS/ C23420 
D /P O S IT /  9CU913

o o o s s  
C007S 
3 605S

v u u b i  
00171 
•;'9C9S

o o i t r "

— R2 
RAO 
SGNX

• 0” / P O S I T / " ‘DC 0 5 1 V "  
D /PHAP/ 1130014 
R LINKAGE 39C456

4JUU3b UUU^d
C005S H '06S 
3C-12S o n i a i 0026A 0 U51A

'SPCO“
SPEED
TO

K /KCGKLS/ SJCmO'- 
R LINKAGE c 1 3 3 fcu 
R /REGHES/ 3 2 0 313

V'JJHS 
C 036H• 
CuOaS

ITIV l
f'-MO
tU'151

01 h il w 
UC42

---- TITL'tT
TR1 
TP 2

R LINKAGE" n ? 4 5 t  - 
r / p o s i t /  o j r u ? 2
R /P O S IT /  000024

~ n n 2 s~
oooos
ODORS

~CC22*T
n c52

“ 0724---- C04 2 ........... . "  1

IKrLu K LINKAGE CUU434 
XO R /REGRES/ 300030 
XI R /P O S IT /  i . f c r c t

CL'OHS 
C50RS 

-OTJOOS- 
C 607S 
C007S

0 0151
0C2T "

X3
XLAT
XPDR
XT-------
TO
Y1
72
YLON
YT

k / p o s i t /  irooijgz 
R /TRANS/ 345164 
R /TRANS/ t 56230 
O-tTNKAGE- 'M 2S-14—  
R /REGRES/ Ci:0662 
R /RDSIT/  i. 3 0 6 .4
R /P O S IT /  ' Vt>6 ....
P /TRANS/ 34 033 0 
0 LINKAGE 313. 24

;> o i  71
P C35S
o c o a s
6 OOPS 

■ 009PS -• 
•C0C7S 
1105S

' 0 926’A”  
C 0151

0 026 A 0U51A

Tl.i99
A4-
* 4 i ?

. . : g775 
■i o r : 7

'.i L56 
6 -340  
‘.••.'36 •

ii 5 H 
2

*•

.^ 5 9 0
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M i l «**?*?? • ? r * 7  * -  r
S*P2 g f.i ft r 6 0 0022 00230
1*0 3 :.»C*53l 0 0*5 *?*6D
1*7* --------------- ' T C t t l * - t e a * Tnres tr
1*3 C ? L* 3 * 6 0 0*10 *0*9
1*5 *306*5 00*9D 005*
S ---------------------T ? C 7 ? r - -~trr*7*-— —

0000 ERRORS t  < .M A lN .>FT N -R EV 18 .n
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SUBROUTINE INIT(ANT,SGNX,XT,YT,TRFLG)

— su b r ou t in e— Tu r t —r m r r t-scM xvxT.TTmFtrCT“T 0063T -------
( 9 0 6 4 )  C
( 3 3 6 5 )  C THIS ROUTINE HEADS TRANSPONDER DATA. SETS UP X.Y COORDINATES. AND COMPUTES

• ("9 0 6 6 7 "  C— BASELINE ARRAY TOR-TRANSPONOCR-NETUORK-----------------------------------------------------------------------
( 0 3 6 7 )  C
(0C6R) DOUBLE PRECISION B (5 D .5 C > . DXIJ.D YIJ.OXJ1,D YJI»AX1J.A Y I J . X T ( 5 0 ) .

" 1 9 0 6 0 1 ------------- 2~VTIT0V."'F LKT; F L0Ki"R~APTPT"
( 0 0 7 0 )
( 3 3 7 1 )
( 3 0721
( 3 0 7 3 )
( 0 0 7 * )

3 3751
( 0  076)
( 3377)
(0-0781
( 3 0 7 9 )
( 'J OR 0 >
TTOB17

COMMON /PNAP/ OLAT.OLDN.FLAT.FLON.RAD.pl
COMMON /TRANS/ S , P S 1 ( 5 3 . 5 0 ) . XPDR( 1 5 . 5 3 > .XLAT(5C>.YLONC5 0 )

'DIMENSION "'"-5GVXT50.5 C J--------------------------------------------------------------------------------------
PARAMETER (A / .= 1 1 1 1 3 2 .0 9 .A 1 = 5 6 6 .0 5 » A 2 = 1 .2 , ; ,A 3  = 0 . 0  02»BO = 1 1 1 4 1 5 . 1 J ,

B1=9A.5 5 . 0 2  = 11.12)
DATA RAH  / V .TA512 9 7 5 1 994 1 3D- U 2 / "
DECDC(X) a IF IX (X )
ULAT = 0 . 0
ULON-sTT.O--------------------------
READ (5.1CU)N«ANT.N0PRT 
FORMAT ( 1 5 . F 1 0 . 0 . I 2 )
WRITE Cl' .~rO n~Tr.K NTiNO P R r

♦ (X -  I F I X I X D / . 6

1 . 6  FORMAT (JX ,I5 .F 1 0 .O .b X ,* N O P R T  =* * 12 )
C NOPRT IS AN OPTION TO SUPPRESS OUTPUT OF BASELINE MATRICES INOPRT.G E.l)

’X  ASSURERS'~RA'0-RR~AN0—TDKN5P'0NPCR~ R E C rtY C R —R1TTr7fNR—AWT—IT " S R M C HE IS H T ANTEMT
( 0 0 8 5 )  IF I N . 0 T . 5 O  URITE ( 1 . 1 0 5 )  N
( OOBfa) 105  FORMAT ( 1 H C .5 X . ’ T00 MANY TRANSPONDERS. N a * . 15)

" c o c a n --------------- r r - n r .GT .- s i  > gu to i s --------------------------------------------------------------------------------------------------------
( 9 9 8 6 )  DO 1U 1 = 1 .N
(0  0R9) READ ( 5 . 1 0 1 )  (X PD R (K .I) .K  = 1 . 1 3 )

" ( 0  09 01-------TOT— FORMAT" C2 Xi  A 4".F2".-r.'2 X, A PT0V1T » 2T  fTKRI--------------------------------------------------------------------------
( U991) C XPDR IS  THE ARRAY OF TRANSPONDER POSITION DATA
( 0 9 9 2 )  C XPOR ( 1 . 2 ) =  NAME OF TRANSPONDER ( E . G . .  TRNSP1 OR RADR10• 6 CHARACTERS ONLY)

" ( 3 0 9 3 1 — C X P tT R - m  = ~ C T n T U D'E D F  TRKHSPONPEH (0 D 7M WHHH- X DC GREE S '.U ECTHAL MIN U TE 5 .N = * )
( 9 0 9 4 )  C XPDR (A) = LONGITUDE OF TRANSPONDER (AS ABOVE. U = . )
(0  C95) C XPOR ( 5 )  = HEIGHT (ELEVATION) OF TRANSPONOER (HE TERS)
( 3 0 9 6 ) — C X PO R " ( 6 1 — = "ERROR" INTRAMSPCTNtTER " P O S IT IO N — TDCCIMAL—M lV U T tS n rA T rT U O T I-----------------
( UC97) C XPOR ( 1 A) = X POSITION OF TRANSPONOCR (TO BE COHPUTEO)
( 0 0 9 8 )__C XPOR CIS) = Y POSITION OF TRANSPONDER (TO PE COMPUTED) ____________________

( 3 1 3 0 )  C
( 9 1 0 1 )  XLAT(I) a  DECOO ( X P O R C . D )  •  RAO

" ( 0 1 0 2 ) --------------- YL ON(I)-=  OECDG-IXPORTATrrr »" RAO--------------------------------------------------------------------------------
(C 103)  OLAT = (OLAT ♦ XLAT(I) /N>
(01CA) OLON = (OLON » Y L 0 N (I ) /N )
("91051--------ID — CONTINUE---------------------------------------------------------------------------------------------------------------------------------------------------------
( 0 1 3 6 )  C COMPUTE METERS PER DEGREE CONVERSION FACTORS USING THE CLARKE SPHEROIO ( 1 8 6 6 )
(9 1 0  7)  FLA". = A3 -  A1*CL’S (2 . .C L A T )  ♦ A2«COS(4..OLAT) -  A3*C 0S( 6 . . 0 L A T )

• ( 0 1 0 B ) ----------
( 0 1 C 9 )
( O il  3)
r e m i-------
0 1 1 2 )
( j U I )
(THAT 
(5115) 
o u t )
(911 7)
( 311“ )
( j  1 1  > )
( * 1 2 7 )

- -PLON-"=1nr»-COS (OL-AT)
UO 11 1 = 1 ,N 
X T ( I ) a (XLAT(I)  -  OLAT).f l a t / rao

0 1 * COS (SVTTOtAT)—’»H2»tOST-5v*nL A-TT-

XTMETFRS
■■Yf-MCTERS-

11"
X PD R (IA .I)  a XT ( I >
XPDR( 1 5 . 1 )  = YT( I )
CONTINUE 
00 12 1=1,N 
00 12 J=l,I

---------- IP-(I.rO- .U>"G(T 'T T)-12-------------------
DXI J  :  X T IH  -  XT(J)
I'YIJ = YT ( I J  -  YT( J )

' D X J I  s - ’- t l X U  —  -

DELTA XT 
DELTA YT
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( 0 1 2 1 >  
( 3 1 2 ? )  

■ ( O K S )  
—  ( 3 1 2 4 )  

( 3 1 2 5 )  
( 1 1 2 6 )

D O J I  s - O T I U * ............ -  ............ ........  ....... "  ' * --------  - •
S G N X ( l . O )  = S G N ( C X I J )
S G N X ( O . I )  = - S G N X ( I . J )

1 H ( I . O )  -  DSORT I D X I J . ) )  4 j J T I J ( ( 2 )  MA’S CLI NC 
B ( J . I )  = 8 ( 1 . 0 )
a x i j  = o A o s c o x r o )

■ r r i ? 7 r A T I J  S  P A R S ( O T I O )  .................—  ..... . ■’ ... . ..—  —'
t  o u s t I F  ( D Y I J . E O . O . )  GO TO 13
( 0 1 ? ? ) SNPS1  = SON ( D Y 1 J 4 0 X I J )

----- 1 r? 1 7 — ' P S J t T . J ) ' " -  S N P S I * O A T A N 2 I A Y I O * A X I O )  ■ ■ —
t ? 1 5 1 » GO TO 14
( 0 1 3 2 ) 1 3 P S I ( l . O )  = 0 .
t 0 1 7 3 ) 1 4 P S I ( 0 . 1 )  — P S I f T . O )
( l > 1 3 4 ) C 6 ( 1 . J )  I S  THE BASELI NE DI STANCE MATRI X.  I . E .  DI STANCE BETWEEN XPORS I  AND J
( 0 1 3 3 ) C P S K I . O )  I S  THE A2IMUTH ALONG B l I i J )  FROM XPDR I TO XPOR J
( 0 1 3 0 ) 12 (.UN 1 I NUt
( 8 1 3 7 ) XOLAT = OLAT/RAO
( 0 1 3 H ) YULON = OLON/RAO

• ( T l T g ) UM1)  E I J .  1 u b f  XOLAI . t OLu n . E l a ! . P L  DN
1 0 1 4 0 ) 1 0 6 FORMAT! 1 OX . * 0 L A T  = « . F I  0 .  5 ,  5X t « 0 L 0 N  s  •  » F 1  0 . 5  »5X .  ‘ FLAT = • ,
( 3 1 4 1 ) 2 F 1 0 . 2 . 5 X . « F L 0 N  = ' . F I D . ? )
( P14Z") « k i i l  t i . l u 2> t i X r u 5 ( K . l ) . n = l . b i . X l i l ) . V T ( l ! . ( X P D R ( K * I ) . K S 7 . 1 3 ) i
( 0 1 4 3 ) I 1 = 1 . N)
( 0 1 4 4 ) 1 0 2 FORMAT ( 4 X . 4 H X P D R . 4 X . R H L A T I T U D E . 2 X . 4 H L 0 N G I T U 0 E . 2 X . 6 H H E I G H T . 4 X .

01 * 5 ) ' " 1 bHE BH P R . 7 X . 6 H X - T D O R * 9 X » b H T - L U U H / / l j  X , A 4 « F 3 . ( l . 2 x « 2 F i 0 . 3 . F  1 0 . 5 .
( 0 1 4 6 ) • F 1 0 . 5 . 2 F 1 5 . 1 . 7 X . 7 A 4 ) )
( 0 1 4 7 ) I F  ( N O P R T . G C . l )  GO TO 16

"  ( 3 1 4 H ) t  *4 5*
( 0 1 4 9 ) c OUTPUT OF HASELI NE DI STANCE AND ANGLE MATRI CES
C l  1 5 0 ) c OUTPUT S UP P RES S ED I F  NOPRT . G E .  1
( 0 1 5 1 ) ■"C.FS*
( 0 1 5 2 ) 0 0  = 1
( 0 1 5 3 ) OC = 0
m o  4 ) 111 J L  )  J (  * 1
( 0 1 5 5  ) OCI O = 13«OC
( M 5 5 ) OM s  N
T T I 5 7 ) IF  ( N . u ) . O u l t 1) OH -  u n t
( 3 1 5 H ) WRITE ( 1 . 1 0 3 1 )  ( 0 . 0 = 0 0 . OM>
( 1) 159) n o  i s  i = l • n
( 0 1 5 0 ) 1 5 w H l i L  ( i . i u o i  i • ( H ( 1 . 0 ) . O - u U . O H )
( 3 1 5 1 ) I F  ( N . G T . O M )  GO TO 1 1 0
I 0 1 6 2 ) GO TO 1 2 1
( 0 1 6 3 ) ’ I I  U " O J  b 0 1. 4 1 u
( 0 1 6 4 ) GO TO 1 1 1
( 0 1 6 5 ) 1 21 0 0  = 1
( 0 1 6 6  I OC s  i)
( 3 1 6 7 ) 1 2 2 OC = OC ♦ 1
( 0 1 6 8 ) OCI O = 1 0 . OC
( o i 6 ? r Oil -  N
( 0 1 7 3 ) I F  ( N . C T . O C 1 0 )  OM = OCIO
( 0 1 7 1 ) WRITE ( 1 . 1 0 3 2 )  ( 0 . 0 = 0 3 . 0 M >
T 0 1 7 2 ) DO 1 5 1  1 = 1 . N
( 0 1 7 3 ) 1 51 WRITE ( l . l ( i 5 l  I .  ( P S I  <1 . 0 )  . 0 = 0 0 , OM)
( 0 1 7 4 ) I F  ( N . r . T . O H )  GO TO 1 2 3

— ( 0 1 7 5 1  ' RCTU°f.’ ‘ ------------------------------------------------------------------------------------------------------------------------------------------------------
( 0 1 7 6 ) 1 2 3 0 0  = 03  ♦ 10
( 0 1 7  7 ) CO TO 1 2 ?
( 7 1 7 8 ) • 1 7 3 1 -FORM m i T n - . D X V ^ A S r t T N T  Ot S TANCf - MA- TRTX- r Mr TCP S- )  » Y / .  - T - » -  O ^ t P X T l ?  .—....................  '
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( o IT T j-  - • t t t x . t s t n ----------------------------------------------------------------------------------------------------------
( 0 1 8 3 )  1 0 1  F O R M A T ( l X , 1 2 . J X t l O ( l P E l l . * > )
( 0 1 8 1 )  1 0 1 2  F 0 R H A T ( l H l » 5 X t » a A S E L I N E  ANGLE MATRIX ( R A D I A N S ) • / / •  1 •  0 * . « X . I 2 .

'  ( 3182)--------  «9 (9 X. I2 >/ >  *------------------------------------------------------ -----
( 0 1 8 3 )  1 6  CONTINUE
( 3 1 8 * )  RETURN

- ( - 3 1 8 5 ) -------- T 9 ----T R F X ( r s ~ n --------------------------------------------------------------------------------------------------------------------------------
( 0 1 8 6 )  RETURN
( 0 1 8 7 )  END

“PROGRAM S T Z t :~  PROCEOTIRE-=-TnT2M2-------- nMXXOE s—0 00IT7 ------ ST*CK -*" U00106------------
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A" R PARAMETER .......... -----7 77JS ' ' 0107
A1 R PARAMETER 0 073S C1 0 7
A? R PARAMETER CC73S C107
A3....... R PARAMETER-----------------0-CTSS-- 3 7 2 T -
ANT R ARGUMENT (.00046 0 063 S 0 0799 01*81
AXIJ D LINKAGE COO'44 0C6US 01269 0130A
ATI J 0 LINKAGE' •2**r552- ......0 CARS '0 1 2 7 9 -  013 OX------------------ ,
B 0 /TRANS/ 300300 0D68S 0071S 01249 0125M 0160
80 R PARAMETER 0073S G10B

■ - 81 - p--p a r a m e t e r — ..... 0C73S~ 0108
8? R PARAMETER 0C7SS 0108
COS R EXTERNAL 0G0000 0107 0108

.... cosxx-- R EXTERNAL ’OjOlOO" ---- 0108" —"C1G9-----  --------  “ ------- -------
DAHS D EXTERNAL 000000 0126 0127
0ATAN2 D EXTERNAL 030000  

" o r c o s  —p -------------------oirootro-
DSQRAX 0 EXTERNAL 7 0 0 0 0  
DSQR7 0 EXTERNAL 000300

"DXTJ 0 -LINKAGE JGOirG-
DXJI D LINKAGE 030526 
OYIJ 0 LINKAGE OL10522

0130
"03761- -ptoi- - o n 7 2 -

FLAT
FLON 

“ I

/PMAP/
/ pm ap/

0125 
Q124

- 7 0 6 ( 1 5 ---------- O T I R P --------0 T 2 - 0 ------- 0 7 2 2 * ~

0 06SS 012 CM
006RS 01199 0121 P12A

---r o t e s  012TT-
0127A 9128 0129

000004
0 0 0 0 1 0

CC68S 
0 0665

 1 CINTAGT IJTPA1I5 OrRBIT
''110
m s

TT

COTOS 
UP70S 

TTH 9—  
D i l l  
0119 •

- t r i e s —

01079 0110
9108M 0111

•o iin  oi 02-
0112 0113
0122 C123

732- 
0 076 
0065S
r m i t  T7TT

-vrwzn— 7 7 3 9 9 -

0139 
0139 

-0773—  
0115(1 
0124 
■01 6 0—

KTOR 0779 T-
0116 0117
3125 0130

-01729—0773—
1FIX I EXTERNAL C00000
IN IT I 000000
j --------rtnxiG E—nrrn r- -tnre- -T779------0 7 7 ? '

- 3 9 - "I—CT91TAGE 090921r

0125 
91731*

-07329“
01764 
C 1539 

"91339— n  S T -  
01569 01579

0130 0132 0133

- 0 1 3 8  I T I 9 0  0 1 9 3 * 9

01589  

'01639"

"0723------ 07-7*—
01609 01719

-0777------ 0773—

JC I LINKAGE 000421
• JCT7-------7  ~L7FirAGI-003422"

J9  1 LINKAGE 00 0424

~7 -tnvirAGE- 
I LINKAGE

70 04 07 ~ 
000401

0173-7T«79

NOPRT I LINKAGE ( 304 02
OLAT R /P4A P/ 003000

- OL ON---- R -7P» A P7-- nnrt 72—
PI 0 /P4A P/ 000020
PSI R /TRANS/ 023420

- Rt  3 -----T - /P 9 A P /--------070714—

SGN R EXTERNAL 0 (0 0 0 0
“ SINT - - R  -ARG04ENT-T70931—  

SNPS1 ? LINKAGE '0 0 5 5 6
T°FLG R ARGUMENT :0CG62
X   R  --------- • • -7 7 1 7 7 4 9 —
XLAT R /TRANS/ P4C164
XQLAT R LINKAGE 'J - .5 6 *

■ - » / T 4 » n f 7 —3532T T —

0171 
0PB9M 
00799rioo
*"169 —
06 799 
0070S 00779

01549 0155 01669
-1*7669 07 70—

0158 0160
0174

01679  0168

0161 01699 01 709

0 081 
Cl 1 5

P085
0142

0087
3156

00R8
0157

Cl 03 
0159

0154
0161

- ' 1 7 0 — 
0 0R1

'  0T72- ' 
0147

■ -P174 "

-07703 OOT99 -
C068S 0070S
0071S 01309

-076(74—00707" 
' 1 3 7  '.138
012? 0 1 2 ? 

-0 0 6 3 3 -— 30723" 
'1 2 9 4  3130
0063S (1 8 5 9

—CTf.-----------
K 7 1 S  9 1 C 1 M  

0  1 3 7 9  0 1 3 9

7 7 7 1 S — '* 0 8 4 * *  *

01039
-37049"'

0107
-0771-

01PRA 
-0738—

DUO 0137

01329 01339 0173
 0731“

-1*7229----(*12-39-

0103 0110

-77-01A— -777TA ■1*1729— 41139----8742 -
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• — xr------ tr*RGOMCNT-rnra*x— ctsts —miE8S—tiixh—n rz— m t — or«~-
YLON R /TRANS/ C4', 33'J C071S 0102H 0104 0111
YOLON R LINKAGE 10 0666 C138H 0139

 TT---------- IT  ARGUMENT CCOnS?------ 1C6 3 S T T T 6 BS"“  B riH t— 0113------- 0TT9 OTA?

SID 0GC436 0 088 01050
SI L 0 "  t'l 'CDET- 'B379... "TBROD-
s i  a i C003C1 0 089 OC9CO
1102 OC1571 0142 0144D

--------SID3 ' - ......... ......... TO 2 S I T " 0 160 ■ '1 1 7 3 " ""DIB 00”  -------  --------
*1031 CG2243 0158 C178D
*1 (3 2 002325 C171 01810

....  *104 .... .............000133 ..c o a r  - ■■00820“
SI 05 CGJ200 0085 CC86D
SI 0 6 DO 1363 0139 014 OD

...... * 1 1 -------  ---- ---.. ------- 0 OT T VT— 0109 “ 0 1 1 4TJ
1110 e t  z o s r 0161 01630
S i l l 001715 0154D 0164

........S1 2 ......... 0 01265 T 1*15.... 0116" U11T L136D 1 “  ........ ..
*121 U 0 2 0 6b 0162 01650
*122 002073 01670 C177

"'*123.................. ---- 032233 ”0174 — 0 1760
*13 001230 v 128 01320
114 CO 1243 0131 3133D... _ l l s 0 01772 0159 ’’ IbDO
*151 0C2150 0172 01730
*16 002371 0147 01B3D

0 00(1 ERRORS C < INI T >FTN-RE V18 .1 3
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SUBROUTINE NAVIG(SGNX,XT,YT,NLINE,IDATA,IDAY,MONTH,ITY,ANT)

I3IMI - SUBROUTINE -tl»»IiI--tS«’lIUKT-rrrtNt:INt«IO»T*<Te*YiRONT»t?tTRT»T*T1-----------------
(9 1R 9)  C
• C l i o )  C THIS ROUTINE COMPUTES THE SHIP POSITION AT TIME 6MT USING TVO TRANSPONDERS TO

— «n«t r- ■ e— f IX-THE-tOCATTON-----------------------------------------------------------------------------------
(0 1 9 2 ) C
I 9193) DOUBLE PRECISION 8 ( 5 0 , 5 0 ) ,P!,R A D ,FLA T.FLO N .R l.R 2«X T ( 5 9 ) ,YT( 5 0 )

• - t t i 9 » r - ------COWHON~TPOSTT/~yiTmTI tT2TRl'FR27Nr«N27TPf?TR2»OPT---------------------------------
(0 1 9 5  I COMMON /RFGRES/ AC«Y0tOMGOtCMGC,SMG9,CCFLAGtTO
C U 96> COMMON /PMAP/ OLAT,OLON.FLAT,FLON.RAD.PI

—T019TT— ------COMMON'/TRANS/ 8 ,PS I H3f~50T4XP0RT15»50I» XLAT( 50 ) (TLON(50 ) ~ —  ' ~
( 919R) DIMENSION L T (J> ,S G N X (5 9 ,5 0 )
( 31°9> LOGICAL CCFLAG

TSZOPT DATA PHI / 3 6 n. 7  ...........
( 0 2 0 1 ) XFLAG r  1 0 6 0 0 0 0 .
< 02C2) ITEAR = IYR -  1900
I 0205) READ (5 t  4'iC) (L T ( 1 ) • 1 4i 13 )•1R11N1«R1 «TR2*N2*R2«I BASE
( Q20A) 20 C FORMAT ( 3 1 2 , J X . A 4 . 1 2 ,F 1 C .C ,A X ,A 4 , 1 2 , F 1 0 . 0 * 4 X , I 1 )
( 9295) IF  (TR 1.EO .*  • )  RETURN
I 0206) IF  ( TR2.LG.*hA2Ih) GO TO 37
( 0 2 I T ) IF  (N1 .CO. N2) GO TO 78
( 0208) 37 CONTINUE

c CHANGE I1HE FROM HHHHS3 TO DECIMAL HOURS (HH.OOOO)
(0 2 1 0 ) DECS :  L T ( 3 ) / £ P .
( 0 2 1 1 ) DECM s  L T (2 )  ♦ DECS
( OMf - 1.1 u )  * ulun/bj.
( 0213) TST = TO
(9 2 1 4 ) IF  (GMT .E O . TST) GO TO 79
( 0215) L DETERMINE WHAT TRANSPONDER IS  USED " l O 'M 'N O ' l  OF 1ST XPDR « 'N2"= NO • OF 2ND— “
( 9 2 1 6 ) c TEST FOR ZERO RANGES
( 021 T) IF  ( R 1 . L E . C . 0 )  GO TO 75
( 021BI I lES) Fuk SAME T IR l  as lAS) FIX
(0 2 1 9 ) IF  (TR1.E0.4HTRNS) GO TO 30
( C22 0 > c FOR RADAR FIX ESt COMPUTE ERROR ANO CONVERT NAUTICAL MILES TO METERS
I 92711 Rl = K l*18b2> ....... ' ....................... .
(9 2 2 2 ) AER1 = R 1 «RAD
( 0 2 2 3 ) EPS 1 = R1 * 9 .0 1
102241 c (LSI FOR ZLku kaNGLS, azxhUIh ,  L i t .
( 9 2 2 5 ) 30 IF (TR 2.E0 .4H 4ZIM ) GO TO 35
( 9 2 2 6 ) IF ( R 2 . L F . 0 . 0 )  GO TO 75

(122R) R2 s R2*1B52.
(9229) AER2 = R2*RAD
t ~ 2STJ---------------rPS~2~s R2 * :: . ii l '
( 9 2 3 1 )  
(0 2 3 2 )

31 R 1 = DSQRT(R1**2 ♦ (XPDR(5*N1) -  ANT)»*2) 
R2 = OSORT(R2**2 ♦ (XPDR(5«N2> -  ANT)*»2)

( ( IT T ) Z12 "(Ml'4'42 9 (N1,N2)  »42 "* R2»«2) /  121»R1 <B'(N1« N2 ) ) ' '  ----
(0 2 3 4 ) 221 — IR2**2 * B(N2« N1)**2  -  R1 •  *2) /  ( 2 .  *P2*B <N2 , N1 )>
( 0  235) IF (212 .GT. l . C )  GO TO 77
( . 2 3 6 ) IF (221 . 0 7 .  1 . 9 )  GO 10 77
( 3 2 3 7 ) A12 :  ARCOS (2 1 2 )
( 0 2 3 8 ) A21 = ARCOS (Z21)

IF  r iBA"SE7t0 .1)  GO TO 33 "■ " “
( 3 2 4 0 ) THETA1 = A12 -  PSI(N 1 .N 2)»S0N X (N 1 ,N 2)
(9241  ) THETA2 = A21 -  P S I (N 2 .N 1 )  «SPNX(N2,N 1)
( 92427 * Xl—=- XTrNtT-*-SGNXT'J7Vrr) ART•CTTS'TTMTTATT------------------------------------------------------------
( - 2 4 3 ) X2 = XT(N2) -  SGNX(N2.N1) *P2«COS(THETA2>
(3 2 4  4) VI = VT(N1) ♦ R1*SIN(THETA1)
I '2»si..... ........ Tr"rTTro?7—9-PTTSTnrTHCTArr
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*"‘T'02*6T* ----------"GO ‘ TO'IB---------------------------------------------------------------------------------------------------------------------------------------
(0 2 4 7 1  C
<32*81 C COMPUTE POSITION FOR RANGE R l .  AZIMUTH R2 IRAOAR FIX)

- " ( 0 2 * 9 r - - C “ ----------------------------------------------------------------------------------------------------------------------------------------------------------
( 0 2 5 0  35 Rt = DS0RT<R1<<2 ♦ (X P0R (5 ,N 1)  -  ANT><<2>
( 0 2 5 1 )  THETA a P I  -  R2<RAD

~ (  0252)----------------XI~3!- XTTN1)' ♦ HI.CffSTTFjrTAT--------------------------------------------------------------------------------------------------
( 0 2 5 3 )  X2 a XI
( 0 2 5 * )  Y1 = YT(N1) < Rl<SIN(THETA)
( 0 2 5 5  ) -------------- Y2-S-YT----------------------------------------------------------------------------------------------------------------------------------------
( 0 2 5 6 )  C
( 3 2 5 7 )  C A12 AND A21 ARE THE ANGLES ENCLOSED BY YHE BASELINE AND Rl< R2 RESPECTIVELY

— 1*0258)----- C--rH rn > lT 2 ~ AR*E~THr~)(NGLE S (A ZIMUTHS) " OF IHE VECTORS FRUW THE "THAWSPONDER TIT  THE--------
( 0 2 5 9 )  C FIX POSITION
( C26L) C X.Y ARE THE COORDINATES OF THE FIX POSITIONS# 1 FROM TRNS01. 2 FROM TRNS02

■“  ( 9 2 6 1 1-------3*6* XM s -(X l-^T  X2)*<X ;S----------------------------------------------------------------------------------------------------------------------
( 0262)  YM = <V1 ♦ T 2 X 0 . 5
( 3263)  IF  (CCFLAG) GO TO 3*

— (0 2 6 * 7 ---------------DMG S~5UTCr*CCXM"TCUI<<2 * ITH-TO)* *2) /  I B b 2 ;  ;---------------------------------------------------------------
( 0 2 6 5 )  SMG a DMG/(GMT -  TO)
( 3 2 6 6 )  DEX a XM -  XO

~  f  02671-------------- DET-a-TM"-—TO-------------------------------------------------------------------------------------------------------------------------------
( 326R> IF (DEX .EQ. 0 . )  XFLAG a 0 . 0
( 0 2 6 9 )  IF  (OCY .EQ. XFLAG) GO TO 76

— TO 277)--------------TF (DETI CTTO »T~PHI I* 32------------------------------------------------------------------------------------------------------------
( 0 2 7 1 )  CMC a PHI -  (ATAN2(0EY.DEX> >/RAD
( 0272 ) C _____________________________ ___________ ____________________ _________________

(0 2 7 * )  C
( 3 2 7 5 )  GO TO 3*

— ( 32767------33— CHEL- BA*SEL—(XWrY M.DMG. STYG. DETC.OETiTTNGtX 1 2 .* 2 1  .SGNX.X7.TT)-----------------------------------------
( 0 2 7 7 )  NLINE a NLINE * 1
( 6 2 7 8 )  3*  CONTINUE

— ( 02797— C“ PXATM. PLDNM** ARE~THT"L‘ATITUI)C~ArWD~i:Y)HGI TUBE-  OF 'T HE* P0S1TI OH I N DECIMAL DEGREES ------
(0 2 8  </> C LATM, LONM DEGREES LATITUDE. LONGITUDE
(3 2 R 1 )  C PAMN« POMN MINUTES LATITUDE. LONGITUDE (OECIMAL)

—r 0 28*27 c---------------------------------------------------------------- :-----------------------------------------------------------------------------------------------
(3 2 8 3 )  PLATH a XM/FLAT < OLAT/RAO
( 3 2 8 * )  LATM a IFIX  (PLATM)

* ( 02857--------------PLONM *sr VM/FLON " *~0L0W/1TAD----------------------------------------------------------------------------------------------------
( 3 2 8 6 )  LONM a IFIX (PLONM)
( C287) PAHNH a (PLATM -  LATH).6 0 .

— ( 02887-------------- *POMNM~r—(PCONM—-L*0NnT*<*60*;-----------------------------------------------------------------------------------------------------
( 0 2 8 9 )  ELAT a X2 -  XI
(0 2 9 0 )  ELON a Y2 -  VI

* ( 0 2 9 1 ) --------------NLON* a ' - L O N H ------------------------------------------------------------------------------------------------------------------------------
( 0 2 9 2 )  PLON a -PLONM
( 3293)  C « < t  NLGN IS  NEGATIVE OF DEGHEES LONG FOR GDC OUTPUT

~-<C29*>— *tr<<r«'~PLON' IS-NEGATlVE-DrCTMAt-DrORrCS-fOR—HVPCRHAP-TNPUT---------------------------------------------------
(C 295)  C
( 3 2 9 6 )  C BEGIN OUTPUT OF POSITION DATA

( 3 2 9 8 )  WRITE ( 6 . 2 6 1 )  <LT< I ) . I a l , 3 ) .T R 1• N l .R 1 .T R 2 .N 2 .R 2 • XM.YM,ELAT.ELON.
( 3 2 9 9 )  1LATM.PAHNM,LONM,POMNH.SMG,CMG.DMGO ,
C C390)* * 2 0 1 *  FORMAT <1H ,  3 1 2 , IX, A9 ,  T2.F1 T iP ,  4X.A7 ,r2.iF1C ve»TX vre ,- r*-<F*TjF2HN--»— ---------------
IC I C I )  1 I 3 .1 X .F 6 .3 .2 H U  , F * . l  ,1 X,F<t. ' . 2 X . F 1 3 . 3 )
( u 3 9 2 )  C*< <• OUTPUT OF GDC POSITION DATA TO F IL E 6 7 ,  OPTIONAL FOR IDATA.EO.l
C ’335) C «  ,<  OUTPUT* OF HYPEK“ AP INPUT DATA TO FILE**?, OPTIONAL FOR- IO A T*.£u . 2  --------------
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n j o o i  i f  u o a t a . e b . d  w r i t e  <7 ,7 0 2 7  i d a t , m o n t h . t Y R , t t Y ( - m m T 2 i v L A T f i * --------
<(1305) « PANNM.NL0"*P9MMM,TR1
<0306)  IF UDATA.EQ.Z) WRITE <7*2', 3) IOAV .MONTH* I YEAR* « LT <I » .  I s i  .3  > .
t T13C7» ’ • PERTH,PLOtUYRI —............. - - ---------------------------------------------------------------------------
I t ' I t B )  207  FORMAT < ( f % > I 2 . 1 3 , I S ,6 X ,2 I 2 ,2 < I * ,F 6 .2 > .1 2 X « A * (
<0309)  203 FORMAT ( T f 2 , 2 X , 3 l 2 «  1X «7F10 .  5<5X ,  A*)
f j i o i  ....  ~~xo = xm ------  - - -- --------------------------------------------
<0311)  YO = YM
<3312)  TC = GMT

- 1 3 3 1 3 ) ------------- CCFLAG-TFTTArSr;-------------------------------------------------------------------------------------------------------
< 031*)  DMOO :  DMGD « DMG
<0315)  RETURN
< " 3 1 5 >  7 5 '_ VRITC'T5V7T5T~ YtrTTTrTT=T»3TsrTRT5M'«*rr»T!r2»X2’TP2'-----------------------------------------
<0317)  275 FORMAT <11X,»ZER0 RANGE*,*X,31 2 , 2 < * X , A * , I 2 , F 1 0 . 0 ) )
< 3330)  RETURN

~  < 0 3 1 P T - - - - - - - - T S — t n t T T T  1 8 , 2 7 6 )  ~ T f 7 t 7 T ,~ T s ! T 3 7 ' , T R l  < N K R 7 ) T R ? T W 2 t P 2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
<0323) 276  FORMAT <1H ,13HSAME P 0 S 1 T I 0 N » * X ,3 I 2 ,2 I * X * A * , I 2 ,F 19,0>>
< <321)____ _____R E T U R N _____________ _ ____ ______________________________

< 3373)  277  FORMAT 11H ,39HD0ES NOT CONVERGE COS GREATER THAN 1 . 0 , * X , 3 I 2 ,
<032«> 1 2 < * X ,A * ,1 2 , F I D . 0 ) )

-  Y 0  3 2 5 1 ------------------- RETORT)------------------------------------------------------------------------------------------------------------------------------------------------------------
<0326)  78 WRITE ( 6 , 2 7 8 )  (L T C I) , 1 = 1 , 3 ) ,T R 1 ,N 1 ,R 1 ,T R 2 .N 2 .R 2
( 3377)  278 FORMAT ( 1H ,16HSAME TRANSPONOER, AX,3 1 2 , 2 <AX,A««I 2 , FI  0 , 0 ) )

-  < 0378T-------------- RTT0RI7--------------------------------------------------------------------------------------------------------------------------
<0329)  79 URI7E ( 6 , 2 7 9 )  ( L T ( I ) , I s i , 3 ) ,  T R l ,N 1 ,R 1 .T R 2 .N 2 ,R 2
( 0 3 3 3 )  279 FORMAT <1H «9HSA ME TIME,AX,3 1 2 , 2 <*X,A4, 1 2 , FI 0 . 0 ) )

~  r o 3 3  n ------------------- r e t u r n ------------------------------------------------------------------------------------------------------------------------------------------------------------
( 0 3 3 2 )  ENO
PROGRAM S IZ E : PROCEDURE -  003*64 LINKAGE -  000266  STACK > 000122
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*12 ---------- r - ‘ c t n i t a g e — 0 0 0 5 4 5 —

*21 R LINKAGE '0C5E2 
AER1 R LINKAGE
AER2 "R‘"'LINKAGE'
ANT R ARGUMENT 000074 
ARCOS R EXTERNAL 30101.0 
AT AN2 TTXXTERMAlTTmiO'CT 
B D /TRANS/ 000000
BASEL R EXTERNAL rCCC-C0 

" CCFLAO"L—/R E G R E S r  PTinil2- 
CMS R LINKAGE C0C626 
CHG3 R /REGRES/ OCOCGG 

"COS

3 7 3 7 H  5 2 4  u ------ 0 2  7 6  A -
023BH 02A1 0276A

0DC522 0222N
0 5G53TI-------0220T1---------------------------

OlHbS
0237

G231
G23B

0232 0250

023A

' 0 3 1 3 T T

"0771-----------------------------
0193S G197S 0233
0276

“ t r i  9 5 5 — [T T 9 9 5  0 2 5 3 “
02 7 1 M 0276A 0298
0195S

"TTTIXTERNAL- CXT1T0 D-----2752-------- 0753---- 0232-----------------
COSJX I EXTERNAL 030000 U243 0299 C2S3
DECK R LINKAGE 030512 0211H 0212

‘ DFCS----inn NKAGE TO 0513------0210H-— T2T1------------------------------
BEX R LINKAGE GC0622 0266M P268 C271A C276A
OEY R LINKAGE 300629 0267H C269 0270 0271A

"DKG-------RTTWAGE------007510---- 0 7 6 AN— 7 7 5 5 ------ 07T5A-----C3TA—
0276A

TTTTNWAGE 007510------0 7 6 9 3
DMGO R /REGRES/ 000009  0195S
DSQRSX 0 EXTERNAL 31C003 C232
0 3  QRT D- E X T E R N A t C CV07 9 --------0 2 3 1  '
ELAT R LINKAGE 000659  02B9M G298
ELON R LINKAGE 000656  C290M 0298
E7ST

7 7 5 3  
0298 3319H
0233 0251
7 2 3 7 ------0250

"TrnWKAGF 
EPS2 R LINKAGE
FLAT D /PMAP/

TEW
GHT
I

7 0 7 5 75------ 027 3’H-----------------------------
100532  023CM
000009 0193S 0 19bS 02B3

TTTPNAPr----COTTGI 0--------5I9T5----CT96S-0285—
R /P O S IT /  9SC926 3199S C212M 0219
I LINKAGE 000903  0203M 029BH C309H

0265
0336H

0312
0316K 03199 0322M

3336H -07298™
IBASE I LINKAGE 000909 02D3M 0239
10ATA i ARGUMENT 000060 01B8S P304 0306

"" IDAY' i AHGUMLNI 3 0 Obi C1HHS 0309 0306
IFIX i EXTERNAL GUOQGO 0 284 0266
IYEAR I LINKAGE 000900 02U2M 0306
IYR ‘ l ARGUMENT Ul 'uW i 1 I 'lRHS..’ U2U2" UiUM
lath I LINKAGE 000915 02B4M • 0287 0298 0304
LONM i LINKAGE 000916 0 286 M 0788 0291 0298
L T i LINKAGE "00954 7 1 9 8 S ” 1 2 0 3 M 021 u “ 0211 ""02T2 —0298“ - 0 3 J4 --------  -----

0306 C316 0319 0322 0326 0329
MONTH
■Nr™

i
T

ARGUMENT OOOC66 
- / p o s T T / —.OGtnrm-

01BHS 
— OT99S™

0304
-070319™

0306 
0207 "- m i ......923 3 ’—■ 0294— -0 2 4  0---------------------

N2" 7  / PU SITT-

"TJAVTtJ— r
NLINE
NLON
OLAT
OLGN
PAMNM
PH I "
PI
PLATM 

‘ PL ON ~

I ARGUMENT 
I LINKAGE 

/PMAP/ " 
/PMAP/ 
LINKAGE 
LINKAGE’ 
/PMAP/ 
LINK AGE 
LINKAGE"

3291
"298

000021------ 31947"
7241 
G222 

"01B8 S1 '

C292
(3 1 6

7 2 0 3 8 "
P292
D326

0293 
0319 

-02 0 7- 
0293 
C329

0299
T322

-r«2--
0250
0326

■C233-1
0 7 9 5  029B

0252
3329

- 0 2 3 9 -
3316

0259

- J 2 9 - C -
0319

C1B8S 
u 291 M

' OPOOCO 
300055 
300417
C77000-----3196 s-
tOCCu2 ‘3 196S 
11’065 0 0287M
‘3 3 3 9 5 2 -----r2 5 5 J—

( 0C2 u 7 193S
'> 0639 L2 8 3 M
—: " t p r   3 2 9 ? M"

0277M
0309
•t7BJ----
0285 
0 29 0 
72738—  
C196S 
C 2R9
-r;s6- —

G3G9
377T-
0251
o; b7 : j -j 6



379

PLONM • r- l i n k a g e ~ •£ 0 0 6 4 2 ' ----P2RBM"-T2PS - P 2 s r . £2* 2 —
POMNH R LINKAGE 0 0 0b52 C28HM £298 G304
PS I R /TRANS/ C2342C C197S 0240 024 1

. R I- -- 0 ' / P O S I T /—"OTTOOTB" 1 £1 9 3 S- " 0194S ■"52 9SM-- 02IT 02 22 ” 7223"
G231M 9233 0234 C24 2 024* C253M 0252
C 254 0298 0316 £319 ? 322 03 26 9329

R? -  '' '  0 -7POSTT7---- OOGOT4----- T193S- C2 03n r~ C226---- 0 2 2 8n 2 29 —0230----
H2S2M 0233 0234 024 3 0245 0251 0298
2116 0319 0322 0326 0329

RAO 0 /PMAP/1 " 00 90X4 9193S
£285

01966 "0222 0229 0291 02T1 02 A3

SGNX R ARGUMENT 0I91’44 91B8S 019BS £24 £ £241 0242 0243 0276A
— s i n  -- i r - c r r E B i m m r o c n ) — -o ta r ----- £243-------0234----------------

SINSX I EXTERNAL £"£907  0245 0246 0255
SMG R LINKAGE 009620 0265M 02T6A 0298

 SMG 1 R 7REGRESX C9CTI3 CT93S-----------------------------------------
SORT R EXTERNAL CCC'OCC 0264
SORTSX R EXTERNAL 7006C7 0265

 TO---------R-/REGKC5/  UJ CT13---- 7IR5S---- 72T3-----CTG5 UJ12M
THETA R LINKAGE 0CC5T6 9251M C252A 0254A
THETA1 R LINKAGE 000554 C240M 0242A 0244A

■ THETAT”R- LINKAGE" T O  "5E1J — 0 7 4 1M—T 2 4 3 A - 02T5A"'
TR1 R /P O S IT / OOOC22 0194S 02G3M 0205 0219 0298 03 (14 0396

7 316 £319 0322 9326 0329
■ TR2—■ H "7PUSIT/" 0 7 0 0 7 4 " o iyR s 7'2It3M " 0 2 0 6 ' 7225 0 227" 7298 0316

0319 0322 0326 0329
TS7 R LINKAGE 000516 C213M 0214
XU K /KLGKL5/ onoooo 7 I 9 5 S " "0264 '" 02 bb '.'31 OH
XI R /P O S IT / o o c o r o 0194$ 0242M 0252M 0253 0261 0289
X2 R /P O S IT / CO 0302 0194S 0243M 0253M 0261 0289
XFLTSG 1* LINKAGE " 3 0 0 4 6 7 ' “ trpo ip T26fTF"~9 2 6 '9 "
XLAT R /TRANS/ 040164 0197S
XM R LINKAGE 0 3 06 02 7261M 0264 0266 0276A 0283 0298 0310
x p o i r  ■R ■■7TRANS7~ 13 52 30 7147S ' 0 2 3 1 .. ...G232 "" ' 025"7
XT D ARGUMENT OC 0947 0188S 0193S 0242 0243 0252 92 76 A
TO R /REGRES/ ocoor.p 0195S C764 0267 031 IP

.......Y1........... R /P O S IT / ' C 9 C 0 0 4 0194 S U244M "C254TN OKSb 9U
T2 R /P O S IT / C9C026 2194S 0245M 0255M 0262 0290
YLON R /TRANS/ 040330 9197S
YM------ K LINKAGE CO'Jbt# U262M T 2 6 4 U«£ b 7 ' 02T6A 0 285' 0298 0 311
YT 0 ARGUMENT 000052 0188S 0193S 0244 0245 0254 02 76A
Z1Z R LINKAGE 00C54C 0P33M 0235 9237A
221 H LINKAGE- u v54<» C234N 0236 '02 3KA ”

*200 090121 0203 02040
— *271 ” 0r'2B63 '0298 ' 730 70

*2 02 0 0 2 4 C G 0 304 £3060
*203 £12425 0306 C 30°D

" * 2 7 5 ' 0*26 01 C 316 • J 17 N.

*276 £02733 C 319 032 CD
*277 C 0 30 67 0322 0323D

' * 7  78 7 7 3240 ' 0326 - t r s 7 7 t r
*279 £T 3375 0 32 9 "33DD
*3 0 000331 7219 0 2250

'  * -» I----- — ------------------£77471 ' 777 7  — -£73117' ■ —  --------

*33 J01471 £239 7760
*34 cr,153n 0263 £275 02 780

• S’ 5 -  - ------ ----- r ^ I T T T — TT7B ■- £2570 .......... ---- ---- ------------------------
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*36----------------------------001263------- 0 2 * 6 '— T2EItT
*37 7UJ205 0206 22J&D
ITS P025C1 0217 u2?6 U3160

' *76--------------------------- 032633-------0 2 6 9 ------IT3190--------------
*77 002767 0235 0236 03220
*78 C03140 0207 P326D

-  * 7 r - - - - - - - - - - - - - - - - - - - - - - - - - d o  J 2 7 5 — a m — 13200- - - - - - - - - - - - - -

000 ERRORS CCNAVIG >FTN -ReV lfl . l3
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SUBROUTINE BASEL(XM,YM,DMG,SMG,DEX,DEY,CMG,A12,A21,SGNX,XT,YT)

* •?333 1 SUPROUTinr BASEL (XM.Y»,1}MG*S«GiOEX.OtY«CHG-.#Tr.A2r»SGWXiXT«YT) —'........- ■ • • -
< .33* ) C
( 1.335) C THIS ROUTINE COMPUTES POSITION ACROSS BASELINE CTo THE EAST )
f 7336) C
« 7337) DOUBLE PRECISION P (5 9 .5 9 ) .P I .R A D ,F L A T ,F L 0 N ,R 1 .R 2 .X T (5 Q ) .Y T C 5 0 )
( 0 3 7 8 ) COMMON /PMAP/ OLATtOLONtFLATtFLON.RAD.PI

-« 3339) • CONNON V P 0 S I T / - T r « X 7 .T I  iTZfR IiR rtN r.A 'Z ' .TR rm T7E(7Fn ....................................... —  -
( 0 3 * 0 ) COMMON /REGRES/ XO.Y U.DMGO *CHG0 fSMGOtCCFLAG.TO
( 03A1) COMMON /TRANS/ B » P S I ( 5 0 . 5 0 ) tXPDR« 1 5 . 5 0 ) ,XLAT1 5 0 ) t YL0N(501

"  ( "3*2 J-------------- UTMCNSTBN— ST.NXC5 0 .5 I 11
( 3 3 4 3 )  LOGICAL CCFLAG
( 5 3 * * )  PHI = 3 6 0 .
( 7 3 * 5 )  “ ----------CCFCATT-s-JTrar:------------- ------------------------------
( 0 3 * 6 )  THETA1 :  A1Z ♦ PSI(N1«N2).SGNX(N1,N2>
<13*7) THCTA2 = *21 * PSI(N2.M 1)»SGNX(N2'N 1)

' ( 9 3 * 8 7 "
(C3*9)

'X I  =-XT(Wl) '* SDNXrN2*Nl)»RT«C0SCTHETAl) 1— ....... .. "
X2 = XT(N2 > •  SGNX(N2.N11*R2«C0S(THETA2>

C 0350) Y1 = YT(Nl) -  Rl*SIN(THETA1)
C3SD " Y7 "31'Y T (N 7 J " i " R 2 * S IN (  THCTA2I ........................  ............

CJ352) XM a (XI « X 2 ) » 0 .5
( 0 3 5 3 ) YM a  (Y1 ♦ Y 2 K C .5
T 035*7 
C 7355)

DMG :  SURT 1 1 XM-XQ ) **2” * 1 YH-YT)ra*ZT /  1 8 3 2 .  
SMG = DMG/(GMT -  Tl)>

(03561 OEX = XM -  XO
I 7357)  
( 7 3 5 8 )

DLY a VM -  YU ............. “ .........................  " .........  '  .......... '■ ..........
IF (O E Y .L T .O .)  PHI = 0 .

( 0 3 5 9 ) CNG = PHI -  (ATAN2(DEY.0EX>)/RAD
I 0360)  
10361)  
0 3 6 2 )

30 0
nMIIL < 6 . 3 uO)
FORMAT (1H .17HBASELINE CROSSING) 
RETURN

( 0 3 6 3 )  
PROGRAM s i z e :

LNU
PROCEDURE -  CO OR* 0 LINKAGE -  G0011* STACK •  000120
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 *12------R~ARGUHENT"03Ctl7I------0333 S' —0 3 * 6 -------------------------------------------------------
*21 R ARGUMENT G0C17* D333S 03*7
AT AN2 R EXTERNAL <J0 0u 00 C 359

—........8 - ----- D~/TRANS/- TOPOIO------ P337S- -CTR1S-----------------------------------------------------
BASEL R OOOCUO U333S
CCFLAG L /REGRES/ OOCC12 C3*0S C3*3S 03*5H

— '— CM G------ R AR3UME VTOGTOSS------ T33T5— 0359M-----------------------------------------------------
CMGj R /REGRES/ 000006 03*0S
COS R EXTERNAL 000000 03*6 03*9

 CO S3*------ r*EXTERNAL- Trntl3X--03*9------CS5U-------------------------------------------------------
OEX R ARGUMENT 030060 0333S 0356M 0359*
DEY R ARGUMENT 0U0063 0 333S 0357M 0358 0359A

 DMG------ R~ARGUMCNT"' 0CTru’52------ TOTS----TOTB------ 0TS5----------------------------------------
OMGC R /REGRES/ OOOJC* 03AUS
FLAT D /PMAP/ iluO-OG* G337S 0338S

 FL'ON-----D-TPIRAFV--------GTTGCI0---- T O 7 S ----G338S------------------------------------------------------
GMT R /P O S IT /  000026 0339S 03S5
N1 I /P O S IT /  000020  U339S 03*6 03*7 03*8 03*9 0350

 np---------r-7 P D S T r/— rrm rsT — t o t s — t o e — t o t -------t o b — t o o — t o t
OLAT R /PMAP/ OdCOOO 0336S
0L0N R /PMAP/ 000002 C336S

 PHT------K~LINKATE------ OTTOT7A---- C3**M----TOFM------ OT59----------------------------------------
PI D /PMAP/ 000020 0337S 033BS
PSI R /TRANS/ 023*20 03*1S CJ*b 03*7

 RI---------D T P  0 STT7------ Ul-OUIU---- 0137 S----T O 9S------ 03T8-------------------TOC--------------
R2 0 /P O S IT /  C0001* 0337S 0339S CS*9 0351
RAO 0 / PMAP/ 00001* 0 337S 0338S 0359

 SGTJX-----R'ARG-UMETTTT 0 OPT!------ C333S— 03 APS------ 03*6-----T O T 03TB T O T
SIN R EXTERNAL CSOafJ 0350 0351
S IN S /  I EXTERNAL COOOOO 0351 0352

 SMG-------R ARGUMENT---P7T0E55---- 07333----03538-----------------------------------------------------
SHGO R /REGRES/ 0L0010 03*OS
SORT R EXTERNAL (.00000 0 35*

 SOR TS X' R‘“EXTERNAL~TOTO0----- 0755---------------------------------------------------------------------
TP R /REGRES/ 0C0013 C3*0S 0355
THETA1 R LINKAGE 000**0 C3*6H 03*8A 0350A

 THETAT-R-CTJIKAGr— JTTCTSB----- TOTR----TO9A-----0351A----------------------------------------
TR1 R /P O S IT /  300022 0339S*
TR 2 R /P O S IT /  car. 02* 1339S

 xo--------- R - / R r G R E S / - o r o n c c i— r o c s — t o *  t o g ------------------------------------------
XI R /P O S IT /  C03000 0339S 03*8M 0352
X2 R /P O S IT /  000002 03J9S  03*9M 0352

 XLTTI RTTR ANS/ ETC! 6*----- G39T5------------------------------------------------------------------
XM R ARGUMENT 0000** C333S 0352M 035* 0356
XPOR R /TRANS/ CJ5230 U3A1S

 XT--------- D'~ARGUMENT"BTT0rO2 03333-----073TS---- 03T8----- T O 9 ----------------------------
TO R /REGRES/ CO09G2 03*„S 035* 0357
Y1 R /P O S IT /  000 0 6* G339S 0350M 0353

 Y?---------R /P33TT / ------ 530826---- 0 3 3 9 S----035TM------ 0353----------------------------------------
YLON R /TRANS/ CAG33C 03*1S
YM R ARGUMENT 0000*7 0333S 0353M 035* 0357

 YT-------- O” ARGUMENT---TnOlCS---- C333S — 533TS— TOO--------------------0 3 5 1 -------------

S3 J 0 000*07 0360 0361D

G1G0 ERRORS UDASEL >FTN-fi£Vlfl. 1 J
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FUNCTION SGN(X)

0 3 6 * 1  
< 03651 
(0 3661  
( 036 71 " 
( 3 3 6 8 )  
0 3 6 9 )
I - 3 7 0 1

f u n c t i o n -  - s n u - t x t  — 
i f  e x )  n r . 2
SGN = - 1 .
R E T U R N -------------------------------
SGN s  1 .
RETURN
END -----------------------

PROGRAM SIZE! PROCEDURE -  OOftOJ* LINKAGE -  GCC92P ST ACK -  6 0 0 0 * 6
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 SGN
X

 »I----
$2

f r  i n K * C f ~ r , o a * S 3 ---- C364S“~TT366K— 036Tm-
R ARGUMENT u3»u42 036AS 0365

 ..... ..........ITG0D07-----0 3 6 5 --------03660-------------
000020  036b 03680

"TrCOO'TRROTfrtrSGN 3TTV-REVTB71T
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FUNCTION ARCOS(X)

I M T i l  " FUNCTION ARCOS INI   —  --------------------------- ---- -
0  372) Y = SORT <1. -  X*«2>
<0373)  ARCOS = ATAN2 <Y.XI
I I I 7 A I  .................RETURN ------------- ------------------------------- ---------------------------------
<03751 END
PROGRAM SIZ E : PROCEDURE -  OOOOAO LINKAGE •  U0003C STACK ■ DU005
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 MCOS-  IT LINKAGE----- (160424--- 0 3 7 IS ~ G T 7 3 H ---------------
ATAN2 ft EXTERNAL 3CU3J0 3373
SORT R EXTERNAL '.OOtlOD 3 372

 SORTS* IT EXTERNAL COCJG?--- 3373------------------------------
X R ARGUMENT i 3 0342 3 J71S  0372 0373A
T ft LINKAGE 900423  3372N 3373A_________

0300 ERRORS CXARCOS > F T N -R E V lf l .n
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APPENDIX A.2

FORTRAN Program SM FK used to Compute Averaged Ship Positions 
from a Sequence of Position Fixes during One Minute Time Intervals.

( 30C1I 
“ ( 3 0 f i ? > ' 

( uG03)
( 3309)

—(boosi- 
( 0 0 0 6 )
< a o c T )  

- ttn a r -
< osr.9 ) 
( 0 0 1 0 )

(0012)
( 0 0 1 3 )

-  ( 0 0 1 9 ) -  
( 0015)
( OCtb) 

—( «(il ? )~
( ouiai
( 0 0 1 9 )  

—t t r o z e r —
I 0 0 2 1 )
( 0 0 2 2 )  

-t-ilWil
(0 0 2 0 )
( 0 0 2 5 )

” T 002E »~ 
( 0027)
( GC2B) 

—<-0V29 
( 0 0 3 0 )  
(i)G31> 

—(-CC32+- 
<0033)
{ 0039 ) 

- tW M f 
( 0 0 3 6  >
( 0037)

—t-ossst-
( 0 0 3 9 )
< 039ii >

—CSOA
( 0 0 9 2 )
C 0 09 3 ) 

—(0-09 9-)- 
( 0 0 9 5 )  
(3  096)

—t 0V9-T)-  
( 009 0 )  
( 0 0 9 9 )

—TOV90-)- 
( 0051)  
(3 0 5 2 )

— t i r o s  s r -
( C059)
(0355)—f -jt*-51— 
(0057)
(1056 )

C
-e»»

c  
c

- t
c

-c—
b
c

- e —
c
c

• e —
c
c

~e—
c
c
e-
c
c<
■c-

PKOGRAH SMF IX ( INPJT,OUTPUT<TAPE 5 = 1NPUT«TAPE6:OUTPUT«TAPE 1 , TAPE 7) 
i m y t t H H T n n n n m n f  i n w n  m i  ,  t f f r r w i f r r t » y y t f »  ,  r n  i r t r t > i n « > c

1 HI & PROGRAM COMPUTES SMOOTHED NAVIGATION DATA FOR PLOTTING 
-STANOAHO-OL-nt-OOT-Mt—OAfA-CENTtR—PORMAT IS-USEO-POR--THE OUTPUT FILE7 

INPUT DATA ARE IN DECIMAL DEGREES FORMAT. SUITABLE FOR HYPERMAP 
INPUT FROM TTY1

OUTPUT FILE NAME ( TAPE6=0UTPUT> DECIMAL DEGREES
OUTPUT FILE NAME ( TAPE7=0ATNAM) DEGREES, DECIMAL MINUTES

---------------------- CRUISE S TART Tin E S ----------------------------------------------------------------------------
DAY = IOAY0 
MONTH = MONO 

-VeA*"= I TEAR 
HOUR = IHR0 
MINUTE = MIN!

-3E-COND-S"

FLAT = METERS /  DEGREE LATITUDE

&

OUTNAM(9G),OATNAH(90)
FFLAG,TFLAG

INTEGER 
LOGICAL 

-  ooustx-
-  SXM,SYM,XL,YUfDX2*0Y2,0T2,XH,YHtTH,RX,RY*RA0,FLAT,FL0N 

COMMON /MAP/ FLAT«FL0N,RAD
“COMMON—/i iN W T '  &MT-.Tf CRO, MONl t O«T, I YC«R, t t C AR(r, MONO,IO A r() ,T NHRl)i

IHR0.TNHR1
COMMON /SUMS/ SUMX,SUHY,SUMT,SUMXT,SUHYT,SUMX2,SUMY2,SUMT2

- commoiy—/ t r i f - f - /— o e t x - f o e t r r - f o n r T - ----------------------------------------------------------------------------------
COMMON /P O S IT /  LATM,X 0LAT,LONMt YCLON 
DIMENSION LT(3) ,  INNAM ( 9 0 ) ,  TITLE 115)

-OATA TO-«iSE C 8>HI NG,iH(KT|-BLANX / - I , ,  3 « 8 ,9H----------*--------------------------------
DATA GMT.GHTf,MON,IDAY,IYEAH,IYEARO.MONG,IDAYU 
DATA RAO / l .  7 9 5 3 2 9 2 5 1 9 9 9 3 3 0 - 0 2 /

~CAL~t OC TPTL -(-»i-*POT -»-,-*rrI»M-AMi----------------------------------

/2*0.« 6*0/

CALL GETFIL ( 'OUTPUT R.6 , OUT NAM) 
CALL GETFIL (*G3C0UT*«6»3ATNAH)

, INNAM,S)-----------
CALL CUNTRL (2,OUTNAK,6>
CALL CONTKL (2,DATNAH*7>

10U FORMAT ( 3 1 2 , 1 9 , 2 1 2 , 2 F l u . 0 , 1 5 )  
SEC0 = IS E C J /b O .
U H 1 N B- = m i n d ,  s t e e -- - - - - - - - -
T/ERO = IHkti ♦ OMIN 0 /6  0 .  
TNHRb = 0 .3

- TNMR1 - :  f!. 3  
TFLAG = .TRUE.
F TYPO = BLANK 

l5 t1 -X -=-0-------------
c  » *  *
c BEGIN COMPUTING AVERAGE FIXES

CUNTINUE
ivr'AO ( 5 , 1 3 1 )  ID A Y ,M O N ,IYEAh,(LT(l> .Isl ,3) ,XLAT,YLON,FTYPE

n
n

n
n

n
n

n
n

o
n

n
n

o
o

f
in

n
n

n
o
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l lU  FORMAT < 3 I 2 . I A , . ! I 2 ,1 X .2 F 1 0 .C .5 X ,A 4 >
•• < 3 0 4 0  -----------IF  (FTTP? tEflT-MLAMK) - F-TYF" ="FTYHf-----------------------------------------------------

(0 0 5 1 )  IF (IDAY.EO.O) 00 TO 99
. o c f . 2 )  IF ( I R I T C .E O . l )  WRITE ( I . 2 C 0 )  IDA Y, MON. I YE AR ,  <LT 11>, I s J  ,  3 )  ,XLAT,
—«-» 9 *3 )-----------------  Y t t m F T  Yt*e-------------------------------------------------------------------------------------------------------

(OOPO 2U 9 FORMAT < 5X .1 1 2 *  IA >2 I 2 .1  X, 2 F 1 2 . 5 ,  5X, A»>
(OOFS) C*** COMPUTE GMT IN UECIKAL HOURS

—<934fr>---------------0EC3~=-tT"<3)-/<r5»--------------------------------------------------------------------------------------------------
( 0 0 6 7 )  DECM = LTI2> * DECS
0 0 6 9 )  GMT = LT<1> ♦ QECM/60.

1 9 9 7 0  CALL NTIME IMOVTH.WOAr.TNHR>
C P071» IF ( I R I T E . E R . l )  WRITE 1 1 .2 0 1 )  MONTH.NDAY.TNHR

- - < " 0 7 ? ) ------- W — -FORMA T-Y-9X-r*M0NTH-g- •■.•!-5t 5X. »N0«¥-«—1« r l 5 . 5 l(.-« T)WR-»-*t F-K»S>-----------
( u 073 ) C » «  FIX AVEPAGINC FOLLOWS
(907>> CALL FIXAV ( LT.TNHR,FFLAG.HINT.NFIX.FTYPO.XLAT,YLON.TFLAG.HINTO.

—19 9 7 0 ------------------------------------NOAY-)---------------------------------------------------------------------------------------------------
< : 07b > C F FLAG IS A FLAG TO INDICATE WHEN THE FIX AVERAGE HAS BEEN COMPUTED
( 0 3 7 7 )  FTYPC a FTYPE

—I-JO 70-1---------------6 0 - f  0—1--------------------------------------------------------------------------------------------------------------------
1 0 0 7 0 )  99 CONTINUE
C00«0) C LAST FIX HAS BEEN ADDED TO SUMS. NOW COMPUTE LAST AVERAGE FIX

-Y O O PH --------------- IT < NT I X'.LE i H  60 TO-19----------------------------------------------------------------------------------
< 90P2)  CALL FIXCM (FFLAG.NFIX,XLAT.YLON.LT» IHR.HINT.FTYPO>
<OOFS) 199 CALL CONTRL ( A.INNAM.5)

-  < 99P4-)-------------- V F H H 6 1 H O W --------------------------------------------------------------------------------------------------------
* 0 0 8 5 )  1199 F0RMAT13RX.'FINIS*)
<0C86> CALL CONTRL (4.0UTNAH.6)

-YOGfFH--------------- WR'H-E--«-7t 1-099+-----------------------------------------------------------------------------------------------------
(0C8H) CALL CONTRL I 0 . 0 ATNAM.7)
1 0 0 8 ° )  - * 1 0 9 9  FORMAT ( 5 J * . » F I N I S M

—« 00 “ •))--------------- G-Afc L E X-I-T---------------------------------------------------------------------------------------------------------------
( 9 9 9 1 )  19 CONTINUE
( 0 0 9 ? )  IF (M IN T.LT.60)  GO TO 194

- ('90aS+----------•« WF-»-3-------------------------------------------------------------------------------
( 3 0 9 4 )  I HR s  I HR ♦ 1
( 0 0 9 5 )  199 CONTINUE
(OllOft)-------------- IF-(IH R .LT -r^A ) GO—TO—1 95--------------------------------------------------------------------------------
( 0 0 9 7 )  I HR a 0
( 0 0 9 8 )  195 CONTINUE

- < 0 0 9 9 F-------------- CALL FIXVL- -YIYR.MINT.MIN.SUMX.SUMY)----------------- :-------------------------------------------
( 0 1 0 0 )  WRITE ( 7 .1 C 2 )  IDAYO.MONO, IYR,1 HRC. «1N.LATM.XOLAT.LONM,YOLON,FTYPO
( G l R l ) —9 1 0 2  FORMAT ( > m  12 ,1 3 ,1 5  . 6 X . 2 1 2 ,  2 (14 , F 6 . 2 )  • 12X. AA )

—<CH>2>-------------- WRITE- -(<6,1-63) TBAVF.HONO.lYtAR 9.IHRF»MIN,SU**X»SUMY-^-TYP9----------------
( 0 1 C 3> 103 FORMAT ( I X , 3 1 2 . 2 X . 2 1 2 , 1 X .2F1 0 . 5 , 5 X .A 4 ,5 X , "SINGLE FIX INPUT1)
( 0 1 0 4 )  GO TO 199

—<-11056........... ..... —END-------------- -------------------------- ----------------------------------------------------------------------------------
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SUBROUTINE FIXAV(LT,TNHR,FFLAG,MINT,NFIX,TR1*XLAT,YLON,TFLAG,MINTO,NDAY)

m e n
t  C 1 C T I
( J K F )
( j 1
u i l ' j i  
I C U D  
i  i l l / )
t o u e i -
I O i l * )
( 0 1 1 5 )

- t  1 1 1 * 1 -  
( 0 1 1 7 )
I 0 1 1 1) I 

- » 0 1 1 1 ) -  
( c 12 a  > 
( 0 1 2 1 )

( u l 2 3 )
( 0 1 2 4 )

- ( 0 1 2 3 7 "
( 9 1 2 b )
( C 1 2 7 )

- f  9 1 2 * ) -  
( 0 1 2 V )
( 3 1 3 0 )

-<  11
( 0 1 3 2 )
( 0 1 3 3 )  

- t - » 1 5 1 - » -
( 0 1 3 5 )
( 0 1 3 6 )

( 0 1 3 6 )
( 3 1 3 9 )  

- 0 9 1 4 0 7 -  
I 0 1 4 1 )
I 0 1 4 2 1  

- 1D14- 3- 1-  
( 0 1 4 4  )
I 3 1 4 b )  

- 1 0 1 4 4 1 -  
( G 1 4 7 )
( 3 1 4  H) 

- ( - 9 7  4 9 7 -  
( 0 1 5 0 )
( 0 1 5 1 1  

- -<-015-27-  
( 3 1 5 3 )
< 1 1 5 4 )  

- < - 3 1 5 5 - 7 -  
( 0 1 5 b )  
( 0 1 5 7 )  

- < C 1 5 M 7 -  
( 0 1 5 9 )
( J 1 4 .  >

- (  t r l f a l  7 -
( 3 1 4 2 )
( 3 1 4 3 )

SU4AUUTI NC M O V  < L T . T N M X . F F l A 3 . M I N T . N F I X . T R 1 . XL A T , T L O N . T F L A G .
 ------------------------------------ H I N T I . N D A Y )  ------------------------------------------------------------------------

C • •
c
e -  -
c
c
c—
c
c

f . 1

m a j o r - s u b f r u o r a m - t © - c o m p o t e - - *  v E M A - o e ~ F t * c s - F * « H - i » t r  s - tT - io n - < 7 * - T * -  
AVrR AG C F i x e s  ARC COMPUTED FOR EVEN M IN U T E S  OF T IM E
y u m h e r  o f  I n p u t  p o s i t i o n  o a t *  f o h  e a c h  a v e r a g e  f i x  h a y  v a r y

-A VCRA6E--I-S- O O N E - 8 C T W t C N - 3 f l - S E C O N O S - u m ) K C “ A N O - 2 * - s e C O N O S - * P T t R  
THE AVERAGING MINUTE

r T . f « t ' l l . l g  X b T . 4  . 4  H H I . . 1 I T f  I f T l l l l l l l l t l . H I I I I  w  ■
UOUMLE P KCC1S I UN S U M X . SU M V . S U M T . SU M X T . SU M Y T . SU H X 2 . SU M Y 2 . SU H T 2 .

R A D . F L A T . F L 0 N
 LOOT C A t— P F t-A O -iT F tA O --------------------------------------------------------------------------------------------------------------------

COMMON / H A P /  F L A T . F L O N . R A O
COMMON / S U M S /  SUMX. SUMV.SUMT « SUMX T . SU MY T . S U MX 2 . S U H Y 2 . S U M T 2

I HR 0 . T N H R 1  
COMMON / P O S I T /  LATH. XOLAT. LONM. YCLON
3TME-NSMN— tf-t3> ---------------------------------------------------------------------------------------------
IHH :  L T ( l )

C •  DEGIN BY F I NDI NG THE APPROPRI ATE MINUTE TO USE FOR THE AVERAGE F I X
-H*—t  f f t A O  I B O-T-O- SO-

1 3
I F ( TNHR -  TNHR1 ) 
TNHK1 = TNHR

1 1 . 1 2 . 1 3

C *

MINT = L T ( 2 )
I S E C 3 0  = L T ( 3 )  ♦ 30

■ I F  - (  I 3Ee-3tr . -GT-.e l ) ) MI NT = LT ( 2 ) *  1------------------------------------------------------------------
I F  ( I S E C 3 0 . S T . f a 0 )  GO TO 31
NEti P O S I T I O N  GOES WITH NEXT MINUTE FOR F I X .  SO COMPUTE AVERAGE

I F  ( I H R . G T . I H R U )  GO TO 3 3  
I F  ( M I N T . E O . M I N T C . A N D . N D A Y . L E . O )  GO TO 32  

-3-3 f f —(-NPIX . L E  . f ) -  - 0 0 - T O - 3 G ----------------------------------------i t — . 1, 1-1* . u i  i l  l— uu—n j - i - r -------------------------------------------------------
CALL F1XCM ( F F L A G . N F I X . X L A T . Y L O N i L T . I H R . M l N T O . T R l )
TNHRO = TNHR

- H IN-T-N-= MI NT-----------------------------------------------------------------------------------------
1 HR G = I HR 
1YEAR0 = I YEAR

- f r O A YU '» I UA Y -  
MONO s  MON 
T2ERO :  GMT

 Rf-fUfrN----------------------------------------------------
3 1  CONTINUE

I F  ( I H R . G T . I H R O )  GO TO 3 3  
- IF—(HtNHr GT- . M+Nf - f t ) — (HF—TO—3 3 -

3 2
I F  ( N O A Y . G E . t )  GO TO 33
CALL SUMIT ( F F L A G . N F I X . L T . X L A T . Y L O N )

-NEv-POS I-H-GN- I 
IF (MINT.LT.faG) GO TO 34 
MINT = .

-  1H4 -=—IMR—^ - 1 -----------------------------
34 CONTINUE 

I F  ( 1 H K . L T . 2 4 )
 IHf t—=—1------------------
3 5  CJNT1NUE

T2EKO = GMT

GO TO 35
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i ' i < * i
« m o *
i : i » * i  
I 0 1 * 1 1  
« * ! * » ► -  
i < i*-»> 
i  u  1 1 :  t 
« C 1 ▼ * »
i  i i t ? »
« c  l  t  ;  t

+  * 1 7 + >
I 1 1 7 3 *
( P 1 T 6 )  
( O l T T f -  
I 0 1 7 8 1  
( 0 1 7 9 *  

- ( 9 t * l r f -

•  lTUWN
1 0  l i i C  59  •  1 7 * 5 *  ♦ 50 -------------------------- ------------------

C . . .  FOR T I Mt S  I ' URING THE F I R S T  HOUR OF THE CRUISE
MINT » LT ( ?*

---------------I f  * + +te-59»*f~»-*>0* H | I f f  »  L Y I 2*  ■»■ "I -------------------------
H i n t !  s  HINT 
| MR3 i  2 HR

 | Y t A * 0  r  l Y t AR- -----------------------------------------------------------------------
MONO s  NON 
10AY0 = I l l » t  

---------------TM MO 9 - 0 M + -
TNHR1 s  TNHR
I F  ( I I F I X . L E . O )  FFLAG s  . T R U r .

-----------T F t * 0 - » -  -i fHH-SE-»-----------------------------------------------------------------
GO TO 32

U  WRITE I S . S C O  I D » y . M 0 N , l T E * R . C L T I I ) . I  = 1 . 3 )
- R ET-URH-

I  01 8 1  
I  5 1 8 2  

- 1 0 1 8 3  
I  3 1 8 *  
I  01 R5  

—f - MRf r  
I  0 1 8 7  
( ; i " a  

- t o i * «  
< n i o i )  
I  0 1 9 1  

—* « » l  
I 0 1 ° 3  
I  H R *

• +

I 0 1 9 6  
( 01 R7  

— ( - 6 1 9 8

1 2 WRITE 1 6 . 3 0 1 *
RETURN

I W f ---------------------------------------
I F  ( M I N T . L T . 6 0 )  GO TO 3 9 8

I D A Y . H O N . I Y E A R . I L T I 1 1 . 1 = 1 . 3 )

)
* HINT = 0
9----------------- 1 HR— 1 HR— ---------------------------
I 3 9 8  CONTINUE
> I F  I I H R . L T . 2 8 )  GO TO 3 9 5
 *-------------+HR—s—6---------------------------------
I 3 9 3

> • * 3 0 2

CONTINUC
CALL FI XVL ( 1 Y R . M I N T 0 . M I N . S U H X . S U M Y )
WR l T t - l 7 T 3 9 g > - H > A » 0 ( H ONO. I F «f-t*((H>T*H M ( t A T H . XOLAT( bON H . Y OLON . T R 1 
FOR HAT I « # .  1 2 * 1 3 * I 5 . 6 X . 2 I 2 . 2 ( I 8 . F 6 . 2 ) . 1 2 X * A R )
WRITE ( 6 . 3 5 3 *  I 0 AY0  .MONO . 1 YEARO .  IHR (I . M I N .  S UH X . SU MV. TRl

FFLAG = . T R U E .
CALL SUH1T ( F F L A G . N F I X » E T . X L A T . Y L O N *  

- T NHR0- «  TNHR--------------------------------------------------------
( C I 9 9  
( 0 2 5 0  

- (  0 2 0 1  
( 0 2 9 2  
( 9 2 0 3  

— ( 0 2 0 +  
(  0 2 0 5  
( U 2 C 6  

- - + 9 2 8  7 
( 3 2 0 8

M INTO = HINT 
I HR G = IHR 

—10AY-G—=—1 0 + f —
IYEARO = I YEAR 
HONO = HON 

-T -2 tR «~s~G 8F-------
> RETURN
> 3 0 0  FORMAT I I X « »NEGATIVE TIME C H A N G E * » 3 I 2 . 2 X . 3 1 2 )
1----- 30-i — F-0 8HA-T- ( -1-X-.( SAME H MG«- r 5 I 2 ^ 0 X% » + 2 * ----------------------------
) END
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i r l A G  L AHjU- ' f  NT 
— r n f i t v — a ■ -  — c j t n r c 1

MXCM R Ex Tf RNAL a NI.u i a
7 » \ V L  R EXTERNAL u Ou ONC

— >■.»,T— 7 r  / m a p /  — i c - o r r e -  
f-wl li D / R A P /  OulKlUA
■m T 4 / T I M E S /  660, . i , t )

— : ---------- r

. l T u S  M I S S  a I A I A  r . l i iSA 0 1 7 6 H  ' 1 9 6 M  319 7 A

C l  A1 
( . 19 1

- r H T S — 7 1 2  OS---------------------------------------------------------------------------------
C U T S  
u l 2 ? S

--------------- t o i l 7  0------CTT9M-
J / T I M E S /  J 6 J 0 0 5  C 1 2 2 S
I / T I MF . S /  0 0 0 6 1 1  0 1 2 2 S

TT2T172 ffI2S7t-
G161M 
•J122S

--------------------------------------------------------------- C21)CR-
I . . E C 3 0  I 0 0 1 1 7 3  6 1 3 3 M
I . E / R  1 / T I M E S /  6 6 3 3 0 b  0 1 2 2 S
l . f t m - t -  /117

01SS C17A

i u t  y 
I j A Y G  
i . i i  1

I . i H  I / T I M E S /  ( 100014

0 1 2  OS 
0 1 4 8

- c t r i M ------------------- •------------
0 1 4 6  0 1 7 3  0 1 7 9
014 6M 0 1 7 J M  0 1 9 2

T 1 3  A------ 3 1 4 T * ---- CT4M
0 1 7 0  U166M GIBH
0 1 3 8  31 A AM 01 E l

02 0A

0 1 8 1  0 2 0 1  
019A 02  DIM

- B r t l -------C1 58M— Ot STT
01 8 9 M <1200
6 1 7 0 H  0 1 9 2  01 9A

LxT M 1 /P O S IT /
0 0 1 1 7 a 0 1 9 1 A
0 1 0 0 0 ' )  U12AS

-frvstTf— (nmrtrs----02243-
1 ARGUMENT 0 3 0 0 0 3  0 1 0 6 3  G 1 2 5 S

0 154A 0 1 6 5
l i f -------- 1------------------------0 0 1 1 7 6 ------- » 1 9 1 A---- 0 1 9 2 “

Li l .T I  ARGUMENT 0 0 0 0 0 6  0 1 0 6 S  0 1 3 2 K
C157M 0167M

6 1 3 *  3 1 3 5  0 1 6 5 H
0 1 A 5  Cl  71  0 1 7 9
Cl ASM 01T1M--019-A—
0 1 9 2
0 1 9 2
TTT92----------

0 1 6 8  
0 1 8 1  
0 2 B 2 M -

02 02

0 1 2 6
0167

t t t r

0 1 3 2
0166

0 1 3 3
0 1 7 9

0 1 3 4  
0181

C1A1A
0 1 9 7 A

013AM 0 1 3 9  0 1 A 3  0 1 5 2  3 1 5 6
0 1 6 8 H  0 1 6 9  0 1 8 A  31B5M 0 1 9 9

mi m- t o— i - T » 8 3 i m n » T - t m T t r t A -------- m t s — 01-39-----01 A t * — 01A3M—0132--------o i g a m — 0191* - -
0199 M

0 1 A 7  0 1 7 2  0 1 7 9  0 1 8 1  0 2 0 3
"OTMTM---017 2M----- 0192------ 8194----C283M---------------
0 1 3 9  0 1 5 3
01AU 0 1A1A 015AA 0 1 7 6  01 9 7 A

60 V

No AT 
i . r  I X

I  / T I M E S /  OOOOOA 0 1 2 2 S
f— 010013------OUTS—

I  ARGUMENT 0 0 0 0 2  5 C 1 0 6 S
I  ARGUMENT tCOOUT C 1 0 6 S

-0—;tntPt- 
H EXTERNAL 
D / S U M S /

- a  -/ S J MS7------

-o t a c io ------ c u t s — t t i o s -
•»U7 IT 
oOPT 

- a O O T 2 -  
ai IRX 
J . I PX2  

- 3 ( 10* 7 -  
allMV 
a U » T2 

- 3 0 0 7 7 — 
• / LAG 
i f  MR 

- r o W T "
i MHhl  
i f  S 

- r / .' R o 
» i  6 A T 
» l « T  

- T r f O t r -

0 0 0 0 0 0
o u o i io
o o e c SA-
o o o o u u
GOOucA

-thnnn-A-

0 1 5 A  . 0 1 9 7
0 1 1 T S  0 1 2 1 $
O i l  73  M 2 1 1 -------------------------------
C U T S  G 1 2 1 S  0 1 9 1 A  0 1 9 4
C 1 1 7 S  G121 S

D /SUMS/
0  / S U MS /  

■P / SUMS/ — —OH 73----0121 3 -
0 1 1 7 S  C 1 2 1 S
G 1 1 7 S  3 1 2 1 S

0 / S U MS /
0 / S U M S /

■ o  / .S U M S-/------
L ARGUMENT 
H ARGUMENT 

- R - / T 1 W L S / -

G6 00 09  
36 63  30  

- 0 0 0 0 2 0 -  
06  0 0 1 3  
0 6 u U 0 A 

■OO 001- 2-

0 1 9 1 A  0 1 9 4

- 0 1 2 7 3 ----- 0 1 2 1 3 -----------------
C 1 0 6 S  » 0 1 1 9 S  0 1 2 6  
0 1 0 6 S  G 1 2 9  0 1 3 0

017 7M
C1A2 0 1 7 5 0 1 9 8

0 1 2 2 3 C1A2M O l O i m -
R / T I M E S /
H ARGUMENT 

- 0 - / 7 2 7 2 * / —  
R / P G S I T /
R ARGUMENT 

- i r r t > w t y -

U03J15 
OOCOIU 
80 6 0 0 2 "  
01  OO' . l  
. C C J l l
-  6 0 1) J A

P 1 2 2 S  0 1 2 9
OI OSS G1A1A
0 1 2 2 3 -----0 1 A8 M-
j 12AS 0 1 9 2  
0 1 3 6 S  6’ 1 41A

- 3 1 2 4 3 -----0 1 9 2 —

C13CM 01 7 5 M 
0 1 9 2  G1 9 A 

-t l -6-SM 0 1 7 A M-----82 0AM-

015AA 0 1 9 7 A

• I ON K ARGUMENT C 6 0 1 2  C1 C6 S  01A1A J 1 5 A A  P 1 9 7 A

*J  * 0 1 2 9  - Q 1 T9 0 -----------------------------------------------------------------------------------------------
* 4 : C o O S M 1 1 2 9 0 1 8 1 0
* i  * Uj f lG^O 0 1 2 9 C13U3

UUUJ J 7
• . < : o 0 0112*7 u 17 9 3 2 0 6 0
♦ . < : i b J l I b U t>lHl C*2j 7D
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• . 3 : 2  r . r j f . T H  0 1 9 2  0 1 “ JD
•sJ7 3   l’69779------ 0199----( '1950------------------------------------
* 3 1  0 0 0 2 3 0  0 1 3 5  0 1 5 0 D
* j :  j : ' 2 5 o  013 9  o i s « n  o i t b

- » 3  : ----------------------------------W t t t - J --------- M M -----l‘W C — -------- 615-2-------8+55-
* 3 9  0 0 0 3 0 9  0 1 5 6  715 9 D
* 3 *  C f i i ' 3 2 2  C 16 0  " 1 6 2 0

-S.9 - i------------------------------------« r * * j  T9----------- « -1 9 t----- 6 1 8  J O --------------------------------------------------
* 3 3 9  0 0 0 6 2 1  0 1 9 9  0 1 8 7 0
* 3 5 5  7 0 0 6 3 7  O lB e  0 1 9 0 D

(l ERRORS C<P 1XAV > F T N - R r v i f l # n
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SUBROUTINE FIXCM(FFLAG,NFIX>XLAT,YLON,LT,IHR,MINTO,TR1)

( ^ i )  SUBROUTINE F1XCH CFFLAG. NF1  X»XLAT t Y L O N . L T  1 1 H R . H I N T U *  TR1>
C 2  . .  ) t >  ( ^ r r r r » » f  r » i T r r t  *  r > « r  u t t t v i t f v i i i t r t i  » *  » •  * » » * » » « »  « - » » *

C 0 i . a l  
C J i l l

' T O t J  ' 1 — C
t G - H
CCL i S

- r c . j f  
c . « >  i
t  i i i i '

C . U P t  
< 1* ;  1 

" YUaH
c » * ? :
i u * ? i

H 4. f i

i i 4 . f l

- c ; i . r i
H 4. f i  

f V c i  .
- f t j i a v  

c o l a :  
1 01.31 

- f R i : i9  
i iH . i i  
COi.it

SU BR OU TIN E COMPUTES AVERAGE F I X  FROM P O S I T I O N  DATA U S IN G  L E A S T  
“ SOUAM t s - x t r n o o -------------------------------------------------------------------------------------------------------------------------

S H X f S H Y » S X M * S Y H t X Q * Y O » O X 2 * D Y 2 t D T 2 * X H * Y M * T K * R X t R Y * R A O * F L A T * F L O N t  
-  R 2 X . K 2 Y t S X T  «SYT

— t O C l  CAL— FFt-AO— ------------------------------------------------------------------------------------------------------------------------------
COMMON / M A P /  F L A T • F L O N .R A D
COMMON / S U M S /  SUMXiSUMY t S U M T iS U H X  T i S U M Y T .S U H X 2  »SUHY2»SUMT2 

— COMMON— / T T H E A 7 — A N T  . m R O . N O N i l A A Y v m A I I .  l Y t T i m N O N C . T A R Y A v T T C t f f i A r  
1H R 0 *T N H R 1  

COMMON / D I F F /  U E L X > O E L Y . D E L T

O IM E N S IO N  L T <31
DATA RAO /  1 . 7 4 5 5 2 9 2 0 1 9 9 0 3 0 - 0 2
I S S N X -  1--------------------------------------------------
I SONY :  1 
TM = S UMT/ NF I X

-XM-- r —SUMX/f t* IX--------------------------------------
YM = SUMY/ NFI X 
I F  ( N F I X . C U . 2 I  GO TO 2 0

■ o r ? - — - f i f i x - r r u n x 2 - - - A U M x - r r i ------------
0 Y 2  s  NFI X*SUMY2 -  SUMY»*2 
0 T 2  = Nc I X*SUMT2 -  S UHT» » 2
SXT NF1X» S tm xT - » S PH X «SUNT-------
SYT = NFI X«SUHYT -  SUHY«SUMT 
SMX = S X T / 0 T 2

- IF -  tSMX;tfl-.OtT 00' T0- 2TA----------
SXM = 0 X 2 / SXT 
I F  C S X M . E O . O . )  GO TO 2 9 0

- R 2 X —»  - SNX/SXN----------------------------------------
I F  C R 2 X . L T . 0 . )  1S6NX = - 1  
RX = ISGNX * DSQRT C R 2 X ' I S G N X >

-tm sr
C Q - 3 J  
C OLA 9

- t - O E » r  
c o o l  
< j « . » :  

- t  O k . » t  
C Di.**4 
( J i - 5

-TAL-mpA
C01. - T
c o o l

-SAN— SMY r —SY T/YYT2—  
I K  C S M Y . C Q . O . > 
SYH i  0 Y 2 / S Y T

—vPXN'F 
CC L 9 ]
I Ui.»i

GO T*0 2 9 1

- I P - - W TNV M i r .T  0 0  T O 2 9 1
R2Y = SM Y/SYM
I F  C R 2 Y . L T . : i . »  1SGNY = - 1

- t - S i T l
c o l d :
C u .,61

---------- RY -  1S0NY « OSORT CR2Y«1S0NY>
2 1 0  XO = XH -  SMX»TM

Y *1 = YM -  SMY»TH 
------------- NF ACT—— -RP 1 X « CNF'SX - I T------------------------- t - r r f T -  

C 3 i » 7
- t A i r r A  

C j i j 9  
C U o ' J  

- t o a l
< Oi-c .2
< jii-5 ~t OS. rM-
t l i . r S  
C .<.1 w

I P  C N F A C T . E T . d l  GO TO 2 9 9  
FSOX s  DX2/ NF  ACT

- F O OT —  " m W v F - R C T —  
F SP T  = 0 T 2 / N F  ACT 
SOX = ASS CFSDX) 

- S O Y - = -  A S S -  t f  S0Y7—  
SOT = Ai iS CF S 3 T)  
S l i i X :  SUNT CSOX J 

- STO- Y- x- S ORT -CSDY-P- 
S l G T  :  SORT CSOT) 
VX :  SMXip L AT
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« r i . o T >
- ( O i l ' l l  

I O t e ° >
< i t ? : > 

- <
I o w  n  
t t i . ru

- (■Ct f N- ) -  
( 0V./5»
< : l > 6 ) .  

- u - i . t r  

t  I k / S t  
< 0«.<n )

< V t r l )
< O L r ? )

VY = - S M y . F L O N
---------------8MG =-S<i l*T- fVX-"*-?—►-V Y - W ? -------------------------------------------------------------------------------------

C * * »  COMPUTE C O U R S l .  SPEED MADE GOOD *
IP CVX. Lf l .  0 . 0 . AND. V Y . r u . 0 . 0 )  VY = 1 . 0 E - 1 3

---------------C R S - e  »TAN-2- < V*t VT>------------------------------------------------------------------------------------------------------
CMC s  CRS/ RAD
I F  I C M G . L T . O . O )  CMG = 3 6 0 .  ♦ CHG

---------------CALL—F I X V L —( TYP . - MI NTOTMl M. XOr YeT-------------------------------------------------------------------------
WRITE 1 7 . 2  0 0 )  I D A Y O . MO W O . I Y R . I H R O . H I N . LA T M . X O L A T . L O N M . Y O L O N . T R 1  

* 2 0 0  FORMAT < > 1 * I 2 . I 3 . 1 5 . 6 X . 2 I 2 . 2 < I A . F 6 . 2 > . 1 2 X , A M >
---------------WR I T E ■ .■g-frl-t-' -HHrVGTMONOvl'YIrRRG-v I HRO .H' l Nt XOt YD. T R I  . R X. R V. ---------------

•  S I G X . S I G Y . S I G T . S M G . C M G . N F I X  
FFLAG = . T R U E .

- - - - - - - - - - - - c f t t t — s o ‘n r - f f f t * e T * F i x . t f r t t r * f T n o f # ' » -
2 0 1 FORMAT ( I X . 3 I 2 , 2 X . 2 I 2 , 1 X , 2 F 1 0 . 5 . 5 X . A A , S F 1 0 . 6 , 2 F 1 G . 3 . 2 X , I 5 )  

RETURN
—< Oi.T-3-)--------- M  CONT I NUE---------------------------------------------------------------------—

« C t p M ) VX S DELX/ DELT
< 0 t c 5 >  VY = D E I Y / U E L T

-  C O i r V I -------------------- XO ~  6 . 3  r< <-fti>M*»OgtrX >— —VX»-<9UMT-H)ELT-)->-
< O L t n  YO = 0 . 5 *  < (SUMY+OELY)  -  VY»<SUMT* OELT>>
C O t r H )  SMG s  SORT < VX««2  ♦ V Y» * 2 )

—<~54r-H--------

t 02V I )
--< V k . r U --------

- I F  -CVXr C a . O . O . A NO. VT- .EOv Ot GT— VY- »  -i . O E - 1 3  
CRS = ATAN2 I VX. VY)
CNG = CRS/ RAD 

-T-F-C-CNG-rL-TTfrs-d-)- CN6- = --5«rO»- --CMG-
< 9 L 9  5 )  

M L 9 A )  
- H k W 9 - H

203< 0 L 9 G )  
i Oi . i n

—

< 5 1 . ? )  RETURN
< 5 i t  1 > 2 9 0  WRITE < 1 . 2 0 2 1

—EG A i r ! ) ------ 2 6 2 — F

CALL F I XV L  < I Y R . M I N T C . M I N . X O . Y O I
W R I T E < 7 . 2 0 0 )  I O A Y O . MO N O . I Y R . I H R O . M I N . L A T M . XO L A T . L O N M . Y O L O N . T R 1
I I B T T  f  m r  n J H .  i n t  M R .  M f t U  R - t W F  A B B  ■ f  U B B - t l t A I  - M R  _ M I t  . T  <1 « -  r U M  .  M U M■ ■ I t r t  r t w T f v T T  T v R T  IH n W I T r l t w n  U • l n n “ "f“ l?'l TRv FT V “  * H I T  OnvT v n O
F O R M 4 T < 1 X . 3 I 2 . 2 X . 2 1 2 . 1 X . 2 F 1 0 . 5 . 5 X . A A . 2 F 1 0 . 3 . 5 X » « T K O  P O I N T S ' )  
FFLAG = . T R U E .

-&-ALb- SUM1 T - LF-FLAG. N F l X-rbT- r XL-AT-rY-trON)--------------------------------------------------------

l i l i t ’ )
(  OS.  5)

- < 5 i . 4 ) ~
< 33. 5 )
< O S . 6 )  

- ( O amT)
( O a i ' 9 )
< 9 j . . ? )

RETURN 
C » . . »  3MX.SXM 

—399— MX -=- 1-rG- 
0 0  TO 2 3 9  

C . . « .  SMY.SYM . C O ,  

- 5 9 4  P V— - 1 * 6 -- - - - - - -

. r n .  n .o .  so  a l l  x * s are  th e  same  in  t h is  f i x  a v er a g e

0 .0 .  SO ALL V«S ARE THE SAME IN  THIS F IX  AVERAGE

GO TO 2 1 0  
END
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-  * if  r ---- n - c r  r  e * w * t - c  a - r o m ------ ntn - - - - - r e s t ---- a z g g-
k i ' I N Z  R E X T ERNAL • i ' f jU' . ' P
Ur»<J K V . ' 1 A 6 2

- a n ------«---------------------c o i s t - i -
b i . L T  R / I ' I F F /  ; 3 0 i ) C 4  7 2 2 4 S  C-284 1 2 8 5
b * L X  R / D I F F /  OOODCO 3 2 2 4 S  0 2 8 4  0 2 8 6

0 2 7 1  ' > ! « 0

0 27 2 H  J 2 7 3 N  0 2 7 7  
- OCTt M + 8 T2------- IT29ltM-

C291M
- 8 ? 4 j ------------------

C286 0287

0292*1 02R5

- Uf L- t  K - f f l f f T - - C 3 B0C2 ■ ITS  293----« « -------02ITT-
Ud 3 R T 
u r :  

~ts< T “  
Ut!  
FrLAG 
t l TCH 
U X V L  
H i t

h i . ' T
t -SEX
rs t r

0 EXTERNAL 200302 0245 0252
0 0 016 7b 0216S 0256M 3239 0246

- » -------------------W T O ------ t t l t r - 0-23471------ 5241------5257—
3 031706 321SS 0235M 0248 0258

OOUOT3 0209S 3219S 0279** 0280A

0259

L ARGUMENT
-R---------------- —
8 EXTERNAL 
0 /M AP/

R
R

- R-

0297M 0298A
5 0 0 8 0 5 ------- 0 2 0 1 S "
300000
036300

DP1712
031714

0274
0216S

0293
D220S 0266

0259M 0262A
02578 9260A

-O fll -n t  « 5 8 M ---- 8263-*-
vrXI R / T I M E S /  0 0 0 0 0 9
l OAY I  / T I M E S /  9 0 0 0 0 5

-104YO  f —YTl 9E-S/---- 330U11 -
i n R  I  ARGUMENT 0 0 3 0 1 0
tHRU I  / T I M E S /  0 ( 10 014
* 8 0  NX 1------------

0272S
0222S
72228----8275------ 8277------82*4------8 2 1 5 -
0 2 0 9 S
0 2 2 2 S  0 2 7 5

- 6 417 - 2 + -  
C 0 1 7 2 1  
0 0 0 0 C 6

001722
030000

0277
-8S2RM 67 *4 1 ---- 824-5-

0294 0295

* 8 5  NY 
i f E A R  

- * Y H  
*Y8
LATH

- t U+H—
L f
M R

WON 
I H i  N 0 

-Nr-AfrT-

I
I  /T IM E S /

I
I  /P O S IT /
I - / PO SIT / 00-35 3 5 -

0229M 
C 2 2 2 S

-0 2 -7 7 - 
0274A 0275
0225S 0275

■ 0 225S---- 0 2 7 5 -

0251M 0252

-0295—  
029 3 A 
0294 

-0294—  
0226S 0280A
3275 0277

-0293A-

0 2 9 4

1 ARGUMENT 
I

I /T IM E S /
I  /T IM E S / 

H --------------------

00(1007
301724

000004
030010

-90179 5 -

0209S
0274A

0298A
0293A 0294 0295

0222S
D222S 0275

-9 2 5 5 M 8 2 5 6 -
0277

-9 2 5 7 -
0294

-6 25 8-
0295

-9259-
. . / I X  I  ARGUMENT 0 0UU04

-ftr-X------
b / Y
» a :

- f t * -------------

M
SOT

- Si# X----
SuY 
i » « T  
b l - j X —  
S J 1 Y  
b / 3  
SMX - 
■i/ 7 
SORT 
■>9“  I T  
j i l f  T

0209S G23C 6231 C232 0233 0234 0235
0236 0237 0238 0255 0277 0280A 0298A

991-752----9746S-----9243M—0244-----8245---------------------------------
0 8 3 1 7 3 4  0 2 1 5 S  C250 M 0 2 5 1
3 / M A P /  0 C P 0 1 0  0 2 1 6 S  0 2 2 0 S  0 2 2 7 1

- 9 — — — 9 9 + 7 4 0 ----- 9 2 1 6  S 9 2 4 5 M  9 2 7 7 —
0 9 1 7 4 4  3 2 1 6 S  3 2 5 2 M 0 2 7 7
0 0 1 7 5 9  0 2 6 2 H  0 2 6 5 A

- 7 9 + 7 5 2 ------9-250 H— 7 2 6 3 * -------------------
6 3 1 7 5 4  0 2 6 1 M 0 2 6 4 A
6 3 1 7 5 6  (1265M 0 2 7 7

■ 7 3 1 7 6 7 ----- 9 2 5 J H — 0 2 7 7 --------------------
9 . 11 7 6 2  0 2 6 4 M 0 2 7 7
3 9 1 7 6 4  Q268M 3 2 7 7  0288M

- 4 * 1 7 6 6 ----- r-2-16S 9 23 9 M  • 9 2 4  9 —
: 3 1 7 7 2  0 2 1 6 S  02 4 6 M 9 2 4 7
0 0 0 0 0 0  0 2 6 3  0 2 6 4  0 2 6 5
3 0 0 0 0 9  — 9 2 8 0  - 0 2 9 8  - .................
60  3 0 1 3  0 2 1 6 S  3 2 2 1 S  0 2 3 0

0 2 8 7
* 9 0 9 3 4 - -  9 2 1 6 5 — 0 2 2  I S  7 2 3 6  -

0252
0272
0304H
0307M

0291

R
R
-3-------------
U
K EXTERNAL 
ft EXTERNAL- 
0 / S U MS /

0 2 9 5
-0243-
0250
0 2 6 8

—0253——9266“ 
0254 0267
0288

0236 0237 02 38 0286

at)**TZ 0  / S U M S /
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D / S J H S / c o o a o u 0 2 1 6 S J 2 2 1 S 0 2 3 1 0 2 3 9 0 2 3 7 0 2 8 6
LI H J n i r  « ' l i n n

i*w7 XT 0 / S J 8 S /  3 0 0 0 1 9  u Z U S  
J i l f v  D / S J H S /  OOiiOOA 7 2 1 6 S

0 2 2 1 S  0 2 3 7  
3 2 2 1 S  0 2 3 2 0 2 3 5 0 2 3 8 0 2 8 7

oil ■ u
o j r t t  o
OA* 0

/ S J M S / Qj 0 J 2 0
l u U 7 7 b

0 2 1 6 S
0 2 1 6 S

UfCOO
0 2 2 1 S
U291H

0 2 3 8
0 2 9 2 0 2 9 3

o *  1

o»T
0
0

0 0 2 3 6 6
6 0 2 0 1 2

w t i O d  j c ^ i n  v c J  7
G 2 1 6 S  0246M C 2 4 9  C 2 5 0  
0 2 1 6 S  G238M 0 2 4 6  0 2 4 8

111
. I . HH0
i i »8R1

R
R

/ T I M E S /
/ T I M E S /

‘ 9 0 2 U 1 6
0 0 0 0 1 2
0 0 0 0 1 5

' U41B3
0 2 2 2 S
C 2 2 2 S

■ ft 1
w £ R 0
V/

R
R

/ T I M E S / o o m s
0 U 2 0 2 2

0 2 2 2 S
0 2 6 6 H 7 2 6 8 0 2 7 0 02  71A 0 2 8 9 M 0 2 8 6 0 2 8 8

« r R 0 0 2 0 2 4 J 2 6 7 M
02A9M

0 2 6 8
3 2 9 u A

027QM 0 2 7 1 A 0 2 8 5 H 0 2 8 7 0 2 6 8

h U
**.1 AT 
Hi A T

T
R

/ P 3 S I T /
AR5UMENT

0 0 2 8 2 6
t O O O o l  
j u OJC5

" 0 2 1 6 3
0 2 2 5 S
3 2 Q 9 S

" U 2 5 3 H  " 
0 2 7 5  
02B0A

0 2 9 9
0 2 9 8 A

h M
»u
ti*LON

0
R / P 3 S I T /

U 0 2 0 3 2  ’
J 0 2 0 3 6
0 0 0 0 0 4

OidlbS
0 2 1 6 S
C 2 2 5 S

”9 2 3 pt t l
C259M
0 2 7 5

0 2 7 9 A
0 2 9 9

0 2 7 7 0 2 8 7 8 0 2 9 3 A 0 2 9 5

i l  C N  

\ * 0
i* 0 U 0 L  6 
J 0 2 C 4 2 0 2 1 5 S 0 2 3 2 8 0 2 5 9

W  30 
W 3 1

CtulOOO
0 0 1 1 3 3

0 2 7 5  . 
0 2 7 7  •

0 2 7 6 0
3 2 ? 1 0

0 2 9 9

V# J 3
W ’ 9

0 0 1 5 2 0  
0 0  3 3 2 0

0 2 9 5
0 2 9 6 D

0 2 9 6 0
0 3 0 5

*/*>?  
w 9 1  

— —

0 0 1 6 3 0
0 0 1 6 4 5

i W T g -

3 2 9 0
3 2 9 7

0 2 9 2
C 2 9 9

- 9 3 t r t 0 -

0 3 0 9 0
0 3 0 7 D

3 Q ERRORS C < F I X C  M > F T N - R E V 18 . 1  D
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SUBROUTINE SUMIT(FFLAG,NFIX,LT,XLAT,YLON)

n „ J ) >  S U3 R0 UTI NE SUM1T ( ' F L A G j N F 1 X . L T « XL AT . YL ON »
- ! >---- c * «  » « ♦ ♦ « » « « « » » » » » » < <  K M M t M l t I M *

( C - j j )  c  ’  c
( , U J > )  c  SUP ROUTINE SUMS P O S I T I O N  DATA FOR LEAST SQUARES ANALYSI S C

—♦ - «»<- »— e----------------------------------------------------------------------------------------------------------------------------------------------------------------£ -
(  ’)A J 3 )  C 4 * 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 * a 4 4 4 4 4 4 * a * * * 4 * 4 4 4 4 4 4 « 4 4 4 4 4 4 # * 4 * * * 4 4 4 4 4 4 4 * » 4 4 * 4 4 4 * » 4 4 C
( Iwa 6 )  DOUBLE P R E C I S I O N  S UMX, S U H Y. SU H T . SUMX T j S U 7 t Y T . SUN X 2 , S U MY2 . SU MT Z .
< l o l  77----------------  XDtA T~rYOfcON------------------------------------------------------------- ------------------------
( S j J J J  LOGICAL FFLAG
I ' l j j ? )  COMMON / S U M S /  SUMX. SU«Y*SUMT. SUMXT»SUMYT»SUMX2. SUMYZ«SUMT2

—< -I-aj-M----------------- OONMON---------AT H E9-/ -
( J j t l t  -  I H R O t T N H R l
( l - . , ' . ’ l  COMMON / D I F F /  D ELX t D EL Y. D ELT

- D o r i - I ----------------- DIWENSMTN— t f + « ------------------------------------------------------------------------
( i ) * , 4 l  I F  < F F l AG> GO TO SO
< 3 a Z ! I  5 1  NFI X = MF1X ♦ 1

- + 9 a r H ----------------- NT-  »  L T (  37-------------------------------------------------------------------------------------
( C a .  M  I F  ( N T . S E . 3 9 7  NT = N T - 6 0

XDLAT = DOLE I XLAT)
- T - J o r M ----------------- YOL-ON—a—IHHrE—FYfcONF-----------------------------------------------------------------

( ! ) a A ; >  SUMX = SUMX ♦ XOLAT
( O a a D  SUMY :  SUMY * YDLON

- 4 - 9 g d ? 7-  —  —  SUNT •  OUMT ■« NT-------------------------------------------------------------------
( O a J ! )  SUMXT :  SUMXT ♦ XOLATa NT
( 0 * . M )  SUMYT :  SUMYT ♦ Y3LDN»NT

I G aJ G J  SUMYZ :  SUMY2 4  Y0 L 0 N » « Z
I 0 a A 7 )  SUMTZ = SUMT2 4 NT»* Z

- i  O z r S e - >----------------- F-FL A O - b - * FAL- 3 E»--------------------------------------------------------------------------
( J a . A I )  I F  ( N F I X . E Q . Z )  GO TO 5 2
( O a u S )  r e t u r n

- «Oa * H -----------H — G W T I N U 6 ----------------------------------------------------------------------------------------
< r u » 2 )  DELX = - ( SUMX -  Z . « X L A T )
( ( l a * ! )  DELY = - ( S UMY -  Z . 4 Y L O N )

-------------------BELT ■» - M-SUHT —  E . * N T ) -------------------------------------------------------------
(CiaMS)  RETURN
( 3 a4 E )  5 0  CONTINUE

~t O a * 7 1 ----------6 - 4 * 4 -1 N T -H  AL H E - S U N S- FO R - TH E N E X T— L I N E A R - R E G R E S S I O N-
( 3 a« 7 )  SUHX = 0 .
( C a A T J  SUMY :  0 .

—< O a S H ------------------SUMT—• —(>■■---------------------------------------------------------------------------------------
( C a d i )  SUMXT= 0 .
( l a b : )  SUMYT:  3 .

- < 9 a d !  7----------------- SUMXf*—9-.----------------------------------------------------------------------------------------
( O a b A )  SUMY2:  0 .
( O L b 2 7 SUMT 2 :  3 .

-T-(7a d G 7----------------- N F !•* - ■  -3------------------------------------------------------------------------------------------
( i a S 7 >  GO TO 51
( C j s 7> END
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u F l E  9  EXTERNAL OOL'OUi) i ) 32b  0 3 2 9
  j F . t T ----- R - / 9 I F M / - -------96901*4-----6 3 2 2 4 -----0 3 4 4 N --------------------------------------------------------------------------------

uELX R / D I F F /  i n l U U O  U 3 2 2 S  0342M
PELY R / C I F F /  0 J 0 0 G 2  0 3 2 2 S  03 4 3 M

 F « L A 9 — L~AR3UME9T—6 0 9 6 0 3 ------0 3 1 SS 6 3 1 9 9  63  2 9 ------- 6399M-----------------------------------------------
FHT R / T I R E S /  OOOOOO 3 3 2 3 S
IT A Y 1 / T I M E S /  UGOOC5 0 3 2 G S

—  W A T O -  I  / T I M E S / — 9 U U 0 1 1 ------6 3 2 0 4 -----------------------------------------------------------------------------------------------
IHKO I  / T I M F S /  UOO014 5 3 2 J S
IYEAR I  / T I M E S /  uOOOUb U32CS

 1 r e  AR 0 - I - /  f  I MES/ — # 6 9 9 9 7 - ----- # 3 2 0 4 --------------------------------------------------------------------------------------------- -
LT I  ARGUMENT 0 0 0 0 0 5  0 3 1 0 S  U 3 2 3 S  0 3 2 6
MOM I  / T I M E S /  0 3 0 0 0 4  D 3 2 0 S

 HOMO-----1—/ T I M E S ’/ ------- 0 9 9 9 1 9 ----- 0 3 2 0 9 -----------------------------------------------------------------------------------------------
N F I X I  ARGUMENT 0 3 0 0 0 4  0 3 1 J S  03 2SM 0 3 3 9  03S6M
NT I  3 0 0 4 1 3  3 3 2 6 H  0 3 2 7 M 0 3 3 2  0 3 3 3  0 3 3 4  0 3 3 7  0 3 4 4

 SONH— R-------------------- 6 0 9 6 9 6 --- 6 3 1 9 S ---------------------------------------------------------------------------------
SUMT 0  / S U M S /  0 3 0 0 1 0  O S l o S  3 3 1 9 S  0 3 3 2 H  0 3 4 4  0 3 5 0 M
SUMT2 D / S U M S /  0 0 0 0 3 4  0 3 1 6 S  U 3 1 9 S  03 3 7 M 0 3 5 5 H

 SUMX------P—/ S J Mfr/ --------- 6 0 6 9 * 6 ----- 63 1  S 3 — 9 3 * 9 3 — 0 3 3 9 M -----63 4 2 - -------0 3 46M------------------------------
SUMX2 D / S U M S /  3 0 0 3 2 4  0 3 1 S S  0 3 1 9 S  0SS3M 0353M
SUMXT 0  / S U M S /  0 3 0 3 1 4  0 3 1 6 S  0 3 1 9 S  0333M 03S1M

 SUM T -----------U / S U MS / ----- 9 9 * 9 9 4 ------ 9 9 3 9 9 ------- 0 9 3 9 3 --9 9 3 1M------9 3 4 3 ------- 6 3 4 * 4 9 -------------------------------
SUMY2 D / S U M S /  U 0 0 U3 0  0 3 1 6 S  0 3 1 9 S  0 3 3 6 R  &354K
SUMYT 0 / S U M S /  6 0 0 C 2 J  0 3 1 S S  0 3 1 9 S  334M 03S2M

 TNrtRU----R—/ Y I M E 9 / -------9 6 9 9 3 2 ----- 9 3 2 9 9 -----------------------------------------------------------------------------------------------
TNHR1 K  / T I M E S /  I J JCi /15  9 3 2 0 S
TZCRO R / T I M E S /  0110012 0 3 2 0 S

 XOfc+T— B------------------------ 0 9 9 4 3 4 ----- 9 3 3 9 9 ------- 6 3 * 9 9 --9 3 3 9 --------9 3 3 3 ------- 9 3 3 5 ---------------------------------
XLAT R ARGUMENT uOOOUb 0 3 1 0 S  0 3 2 6 A  0 3 4 2
YOLON 3  0 1 0 4 2 3  0 3 1 S S  3 J 2 9 M  0 3 3 1  0 3 3 4  0 3 3 6

 Yt 9 N K --ARSUHE NT OUOUoT 0 3 1 0 9 -----9 3 * 9 * -----0 3 4 3 ----------------------------------------------------------------

1 5 0  0 0 0 3 1 2  0 3 2 4  0 3 4 6 0
 1 3 1 ------------------------------------ 9 9 9 9 1 3 ----9 3 * 3 3 ---- 9 3 5 7 ----------------------------------------------------------------------------------

1 5 2  0 0 0 2 3 6  0 3 3 9  0 3 4 1 0

9 6 6 6 —t r 9 S 9 R 9 11 C < S UM I TJ—> F-f  N - R t  VIA 4 13
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SUBROUTINE NTIME(MONTH,NDAY,TNHR)

< 1 3 5 9 )  

< 0 3 6 0 3 -  
( 0 3 6 1 )  C 
( 3 3 6 2 )  C 

-  < 0 3 6 3 3- - Ci
< J S 6 A )  
< 0 3 6 5 3  
1 0 3 6 6 )
< 0 3 6 7 )
< 036 H>

— 1 9 3 6 9 ) -
< 3 3 7 0 )
I 0 3 7 1 )  
< 0 3 7 2  3 -
< 0 3 7 3 )
< 0 3 7 A )

—<-03700-

SUBROUTINE NT 131E I MONTH. NO* Y» TNHR)

SUBROUTINE COMPUTES THE TOTAL NUMBER OP HOURS <TNHR) S I NCE THE C 
START OF CRUI SE C

CUMMCN / T I M E S /  G MT . T Z F R O . M O N . I D A Y . I Y E A R . I Y E A R O . M O N O . I D A Y O . T N H R O ,  
1HRD. TNHR1

-DIMENSION— tMON-flOT------------------------------------------------------------------------------------
DATA LMON /  3 1 .  3 1 «  2 8 .  3 1 .  3 0 .  3 1 .  3 0 ,  3 1 ,  3 1 ,  3 0 .  3 1 .  3 0  /
LMON < 3 )  = 2R

< IYEOR )-/-»!
I LE A P  = I F l X  ( T L E A ®)
I f  (TLEAP -  ILEAP .E Q . 0 .0 )  IH 0N <3) = 29

-MON T H - e —H - Y6 0 R- I - T E  A R O T - I O  HON -MONO------------
NDAY = M0NTH*LM0N<M0N) *  IDAY-IOATO 
TNHR = NDAY* 2 *  ♦ GMT-TZERO ♦ TNHR1

-RCTONN----------------------------------------------------------------------------------
END<0376)
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GMT R /T IP F S / 0 0 30.10 3364S U374
 io*r — t- /  t i m es/— ootrfts---- j  m  s ~  9 a 7 s ---------------------------------------

IDAYO 1 /T IM E S / 61C 611 0364S 3373
IF IX  I  EXTERNAL 060350 0370

 1 HR9 J - / T I  M E */— 06991*4-----9364S----------------------------------------------------------
ILEAP I  000132 0370M 0371
IYEAR I  /T IM E S / 000006 C364S 0369 0372

  I  YEAR 9*1 -/ T IM E S /—* 9 * 0 0 7 -----6364S------6372--------------------------------------------
LMON I 0 0 0 0 C 7 0366S u 3 6 7 I 036SM 0371M 0373
MON I  /T IM E S / 000064 0 36AS 7372 OJ73

 RONtr J—m u t t - /  6*9310---- 0364 * —*3 73----------------------------------------
MONTH I  ARGUMENT 660003 0359S 0372M 0373
NOAT I  ARGUMCNT 330C04 3339S 0373M 0374

 NT I  ME— I---------------------090690-----0 359 S----------------------------------------------------------
TLEAP R 000133 0369M 0370 0371
TNHft R ARGUMENT 0000(15 G359S 0374M

 T N H R *  R—tnnetr/ 9 9 9 9 1 2 ---- 9 3 6 4 8 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
TNHR1 R /T IM E S / 000315 3364S 0374
TZERO R /T IM E S / 300002 0364S 0374

0 0 0 0  ERRURS CENTIME 9 F T N - R E V 1 8 . i l
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SUBROUTINE FIXVL(IYR,MINTO,MIN,XO,YO)

< 0 3 7 7 )  S Ul ' I O U TI N E F t X V l  < I YR I NT 0 .MIM • XO .  VC>

( 0 3 7 ° I C
< 0 3 X 0  1 C COMPUTES THE LAT * 1 0  L 0 1 G  I N  GDC FORWAT

 e--------------------------------------------------------------------------------------------------------------------------------------------------------------------

< 6 3 X 3 *  UOUOLE P P E C I S I O N  XO.YO
-  f u f m  r ------------------— x-M*<E*y— o n t  * t z e r  o » m w r H > * r i ! r « R T n t * f K 7 T x o < < f i  r o * i f  ------------------

< 6 3 6 3 )  -  IHO O t T N H R l
< 0 3 X b )  CO'1'<OM / P O S I T /  LATM»XOLAT.LONM*YOLON

-< -0 3 X 7 1  e--------------------------------------------------------------------------------------  1-----------------------------------------------------------------------
( 0 3 X X J  IYR i  IYFARO ♦ 1 9 0 0
< 0 3 X 9 )  MIN = MINTP

-  < >3» t f » ---------------- t * T M —= - I F I X - < X * y - ---------------------------------------------- - -------------------------------------------------------------------------------------
C 3 3 9 1 )  X' JLAT = <XC -  L A T H M 6 1 .
( 0 3 9 2  ) LONH = - 1 F I X  CYO)

— <-9-3^3-)----------------- YiH.-0-N-g <Y‘J » l O N H) »6IXi------------------------------------------------------------------------------------------------------------------
( 0 3 9 4 )  RETURN
( 0 3 9 5 )  END
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FI XVL H UU-CiGO 3 3 7 7 S
 SWT--------R-T-TTMrSV— O T O D r C -------J 3 8 1 S ----------------------------------------------

IOAY I / T I M E S /  0 3 0 3 0 5  0 3 8 A S
IPAYO 1 / T I M E S /  U 1 3 3 1 1  ( I38AS

 I T T *  1—rxYLA*r#t~" t r ( rutnj a------ t r 3 9 0 ------- 0 3 9 2 --------------------------------
IHRO I / T I M E S /  COOOl *  C38AS
IYEAR I  / T I M E S /  3 3 0 S 6 6  0 3 8 A S

- — I T C R RD t  / T I M E S / — 0 9 0 3 P T ------0 3 8 * 3  0 5 8 8 ---------------------------------
I YR I  ARGUMENT R j O G 8 3  3 3 7 7 S  03GBM
LATH I / P 5 S I I /  J C 3 0 0 U  0 3 B 6 S  G390M 0 3 9 1

 LOWM f / F T T S T T /  WO O t r J ------ 0 3 8 6  S — 0 3 3 2 H — 3 3 9 3 -----------------
HI T I AR3UMENT j ^ L O J S  C 3 7 7 S  0589M
MINTS I ARGUMENT D&OOU* 0 3 7 7 S  0 3 6 9

 MOM-------7-/TTM ES/------ TOCOt*---- 038*8----------------------------------------
MONO I / T I M E S /  0 3 0 0 1 0  3 3 8 * S
TNHRO R / T I M E S /  U 3 0 G1 2  0 3 8 * S

 TNMttl----R- / TTMES- / ------- 0 0 9 3 1 3 ----- 0 3 8 *  S-----------------------------------------------
T2c.R0 R / T I M E S /  0 3 0 0 0 2  i l 3 B* p
X" 0  ARSUMENT 0 3 0 0 0 6  3 3 7 7 S  0 3 8 3 S  0 3 9 }  0 3 9 1

 x t r r r r — r—/ p o s i t / — o o o o o r ------5 3 8 6 3 — » 5 9 i M -------------------------------
YO D ARGUMENT 3 3 8 3 0 7  0 3 7 7 S  C 3 8 3 S  0 3 9 2  0 3 9 3
YOLON 1 / P 3 S I T /  C 0 6 0 0 *  & 3 8 S S  03 9 3 M

OOOO ERRORS CEF I XVL J F T N - R E V 1 8 . i l
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APPENDIX A.3

FORTRAN Subroutine GETFIL to Input Filenames Interactively.

SUBROUTI NE G E T F I L  ( JMEE»N»1NNAM)
C . . . .  SUBROUTINE G E T F I L .  GETS TKFNAM (UP TO 8. '  CHARS)  FROM U S E R .  RESULTS 
C . . . .  STORED IN COMMON. NAMLEN I S  NAME LENGTH I N CHARACTERS 
C . . . .  DON ALTMAN
C . . . .  2 8  MAT fl:.’

COMMON / F I L E S /  NAHLEN
DI MENSI ON I M E S ( f t ) , J M F S ( l ) . I N N A M ( 4 ' )
LOGICAL GOOONM.RNAMSA

NAMLEN = 8 .
NLIM = N / 2

DO 5  I  = 1 . NLI M  
I H E S ( I )  a J H E S ( I )

I F  ( NLI M . 6 E .  (■-) GO TO 2 ‘
NLIM s  NLIM + 1

0 0  1 "  I  s  NLI M18 
10  I M E S ( l )  = » •

2 0  WRITE ( 1 . 1 0 0 )  ( I M E S ( J ) , J H . f i )
GOODNM = R N A M S A ( C. 3 . 1 . I N N A M . N A M L E N )

-  I F  ( . N O T .  GOODNM) GO TO 2 3 "  ""
RETURN

‘1 3  3 FORMAT ( 5 X . * E N T E R  * . R A 2 . *  F I L E  (  . L E .  RO C H A R S ) * )   *

END GETF I L
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G E T F I L V, : o •• r o V O I * 0

GPUDNM L : : a 6 0 5 P S 7 2 * F i 25
I t •;1*7 01*" ; - 1 5 : 2 : t* ■ . " 2 1

IMES I • ; : '*.7 . r r o s ' 15 M 1 21M C r ?3
INNAM I ARGUMENT C I S o r o i s VOf i S "1 2«A
J r 0151 7C23M
JMES i ARGUMENT • • V. 03 ■; i o 1S * "'i-OS f 15
N i ARGUMENT • i f  ■>.'* • 00  l c ■■■12

NAMLEN i / F I L E S / : r o i r  ? • OOTS : "1 IN " 2«A
NLIM i 0152 • 0 1 2 H V I * 0 ' 17 V l f l P
RNAMSA L EXTERNAL ■ n " c o ; r o 7 s ■i„2*

S I • 1 0 1 5 2 7 E 2 ' ";2 i n
S t  J I f  117 0 023 : ' 2 0 7
S2 • f t . ' 6 3 i r . 1 7 • M23D C'  2 5
S5 - 0 C - 2 7 7 5 1 * 5 C 1 5 0

•' 10 ERRORS C X G E T F I L A F T N - R E V l O . l 1
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APPENDIX A.4

FORTRAN Program HYPRIN to Convert GDC Format Data 
to SMFDC Input Format

« JODI)
(  0002* -

PROGRAM HYPRIN (IN P U T, OUTPUT ,TA P E 5*IN P U T, TAPE6= OUTPUT )

« i u n 3 >  c 
1 3 0 0 0 )  C

~(*oot>— e-  
( 0 0 0 6 )
( 0 0 0 7 )

-fO JO B*
( 0 0 0 9 )
( sot C )

- 1 9 * 1 1 * -  
( 0 0 1 2 )
I 0 0 ) 3 )  

- ( * 0 1 4 * -

CONVERTS GDCOUT DATA TO HYPERHAP I NPUT DATA FORMAT 
DEGREES MINUTES TO DECIMAL DEGREES

I NTEGER OUTNAN 1 4 0 )
DI MENSI ON INNAM (4 0 )

ALL—OLYFTt—1 ’ I NPUT—’ r f c ,  TNNAH*-----------------------------------------------
CALL G E T F I L  ( ’ O UT PUTNG. OUTNAM)
CALL CONTRL ( I , I N N A M , 5 )

- e * t t " CO»*RL—*2irlH>TNAM-f l r ) --------------------------------------------------------------

(0 0 1 5 )
(0 0 1 6 ) 

-1  *917* -
( 0018) 
(0 0 1 9 ) 

- ( - * 0 2 0 *
( 0 0 2 1 )
( 0 0 2 2 )

1 READ ( 5 , 1 0 1 )  I DAY » MOMTH * I Y R, LH R, MI N , LA TH . PAH N M. NLO N .------ rpOfKtttvTR*-----------------------------------------------------------
1 0 1  FORMAT ( 1 3 , 1 3 , 1 5 , 1 8 , 1 2 , 2 ( I 4 , F 6 . 2 ) » 1 2 X . A 4 )

------------- I F - < IDAY . L E-. * * -OO - T-O - 99--------------------------------------------- ----------------------

1 0 2(0 0 2 4 )
(0 0 2 5 )

-«oo26»—e-----
(3 0 2 7 )  99
I 0 0 2 B )

IYEAR = IYR -  1900 
RLA T -g  LATH -  P-AH N H /6*, 
YLON = NLON -  POMNM/GO.

FORMAT C 3 I2 .2 X .2 I2 .3 X ,2 F 1 0 .4 .5 X * A 4 )  
GO TO 1

CALL CONTRL (4 ,IN N A M ,5 ) 
WRITE (6 ,1 0 9 )

- ( - * * 2 7 * --------1 * 9 — F O (H tA - T - ( - 3 * * r * P * N lS < -)------------
(0 0 3 0 1  CALL CONTRL (4,OUTNAM«6)
(0 0 3 1 )  CALL EXIT

-< 4 * 3 * * ---------------- END---------------------------------------------
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CONTRL 
-  '  EXIT —  

GETFIL 
IDA Y

R EXTERNAL p i p u c o 0010 0011 0027 rn3o
R EXTERNAL 
I

oocooo
PI* 0373

0 031coon
0P13M

0009 0 317 0023

IYEAR
IYR

I
I

UC0374
CD0375

O019M
0C13M

3023
0019

LHR
MIN

1
I
I

JO 0377 
t. 00400

G013M
0013M

JC23 
0 023

MON TM
NLON
OUTNAN

I"
I
I

000402 
C-C 0052

0013M0006S 0021
3339A 0011A 0030A

POMNM 
TP 1

R
R

100405
000411

3013M
0013M

0 021 
0023

XL A T 
YLON R

100413
300415 0021M C023

»i'l 
St ,!2 -- *1-89--

000146
000210
3CC324
40-03W—

0013 
0023 -0 0 2 8 - -

0G15I) 
002 40 

-fr029 !>-
S99 000344 0017 C927D

-8g0tt-r*R0*S— T< f * k l r n >MTH-R C V 1B r »



NOTES
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